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Isotope Ratio Mass Spectrometry (IRMS) has been shown to be a useful tool in the 

comparison of materials that are chemically identical or have been naturally produced. 

Based on this, and noting the capability gaps within the Forensic Document 

Examination field, the measurement of carbon and oxygen isotopic abundance values 

using IRMS has been developed as a technique for the examination of document 

papers. Through validation of the inter- and intra-ream variability of papers, 

appropriate guidelines for comparison and discrimination have been constructed, to 

ensure the technique is robust and accurate. Through the measurement of a 

background population of 125 papers, 89% of samples collected from within Australia 

and New Zealand were discriminated using pair-wise comparisons.  

 

The IRMS results were placed in a broader context, through the use of a range of light, 

physical and chemical techniques. Based on these results, an examination and 

interpretation protocol was defined and tested through the use of a range of scenarios 

in a blind trial. All results within the blind trials were correct, demonstrating that the 

examination, comparison and reporting structure defined was accurate, robust and fit 

for purpose. As a result of this project, a paper examination protocol which is 

operationally relevant to Australian law enforcement has been developed and validated 

and is ready for use in forensic casework examinations.  
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Literature Review and Aims 

 1 

 

 

Traditionally, Forensic Science is the application of scientific principles to the law, by 

means of solving questions for the courts and interpreting physical evidence left as a 

by-product of incidences of crime. More modern definitions of forensic science focus 

on the observation, collection and interpretation of traces. Material transferred during 

an event that can be used to decipher a source (who, what) or activity (what, how, 

when and why) (Margot, 2011).  

 

The role of a forensic scientist is a challenging one, requiring the interpretation of 

traces left behind or transferred during spontaneous or abnormal events. The remnants 

left behind from these events require identification as being outside of the norm, 

before being classified as evidence and submitted for expert examination and 

interpretation. In contrast to this, the emergence of forensic intelligence has seen 

forensic information play a fast turn-around and proactive role in guiding 

investigations (Baechler et al., 2012, Ribaux et al., 2013).  

 

As a discipline, Forensic Document Examination seeks to answer questions related to 

the production, authenticity and authorship of documents produced in support of 

crime. It is a broad discipline that covers: the examination of handwriting and 

signatures; the physical and chemical examination of papers and inks; printing 

processes and security documents; the decipherment of obliterated or altered entries on 

documents and; the visualisation of indentations.  

 

The examination of paper has been an under utilised examination type within the 

document examination field, with writing and printing inks taking the majority of 

research focus particularly for chemical examinations. In casework, papers are only 

compared in certain circumstances and other examinations are typically completed 
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before paper comparisons are considered. The examination of paper however can 

result in significant outcomes for investigation or intelligence gathering in determining 

the source or association of documents. In terms of traces, this means that paper 

comparisons have the ability to deliver information based on who (e.g. questioned 

paper vs. suspect ream), what (e.g. page substitutions in multiple page documents) or 

where (e.g. the origin of paper used to create a document).  

 

A number of analytical techniques have demonstrated the potential to discriminate 

papers from different sources however no technique has progressed to full forensic 

validation (Adams, 2011, Causin et al., 2011, Causin et al., 2010, Häkkänen et al., 

2001, Kumar, 2011, McGaw et al., 2009b, Spence et al., 2000, Trejos et al., 2010, van 

Es et al., 2009). The most comprehensive paper comparison techniques are used for 

quality assurance purposes in paper mills (Murphy, 2009). Of these techniques, paper 

fibre microscopy offers the most information by visually identifying the species types 

and per cent fibre compositions used to create the sheet. Given the high technical 

demand of this technique however, it is not generally feasible for forensic laboratories 

to invest and maintain this capability.  

 

Isotope Ratio Mass Spectrometry (IRMS) is a powerful analytical technique that has 

been used in a number of scientific disciplines, in particular geochemistry, ecology 

and climate studies. With respect to materials of forensic interest, it is a novel 

technique and its application is only just starting to be realised, with the number of 

research papers containing various forensic applications increasing (Gentile et al., 

2015). IRMS is additive to other analytical methods in use in criminalistics 

laboratories and it has the ability to compare and individualise materials that have 

been identified as chemically identical using traditional analytical techniques. For 

papers, the technique has potential not just for comparison work but also for use as a 

tool that may indicate a papers’ origin.  

 

 
This research aims to introduce a new technique for the forensic comparison of office 

paper available within the Australian and New Zealand market. IRMS was selected as 

a technique due to the large amount of research that has been conducted in other 
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scientific disciplines such as ecology and the environmental sciences. Given that paper 

is organic in origin, this is a significant base of research on which to build. The 

technique also meets a number of casework requirements – it is semi-destructive, 

requiring only a small sample size to be removed, precise and generally observed to be 

discriminating when used for comparison.  

 

The primary aim of this research project is to determine whether IRMS aids in the 

comparison and discrimination of paper. This will be done with reference to the future 

forensic casework applications of the technique, if shown to be discriminating. A 

number of scenarios, including questioned to questioned paper comparisons (where 

questioned is defined as a sample of unknown origin), questioned to specimen paper 

comparisons (where specimen is a suspect paper of known origin) or examination of a 

multiple page document (to determine whether a page substitution has occurred) will 

be considered.  

 

To complement this, a number of other techniques will be tested to define the most 

appropriate examination methodology for document papers within the AFP laboratory. 

Including techniques such as the physical measurement and calculation of sheet 

grammage and apparent sheet density, alongside optical techniques and the chemical 

comparisons of paper dyes using Thin Layer Chromatography (TLC) will provide the 

expert with more information for interpretation of the results in addition to ensuring 

that non-destructive techniques are available for use in cases where destructive 

sampling is not permitted.  

 

For all new techniques that result in evidence that will be presented in court, quality 

assurance standards must be met thus a significant portion of this work will be 

undertaken to demonstrate that the results produced are fit for purpose within 

internationally defined quality assurance guidelines; in addition to the gathering of 

background data which is imperative in the interpretation phase of court reporting.  

 

 
The invention of modern paper making is credited to the Chinese, who first produced a 

sheet from the bark of a mulberry tree that was treated with lime, bamboo and cloth 
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(Biermann, 1996).  Modern paper is made from cellulose pulp derived from any 

number of species of trees, fillers such as clay or colourants, and additives that are 

used to impart any number of physical properties to the sheet. A general overview of 

the pulping and production process is shown in Error! Reference source not found..  
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Figure 1.1: Schem
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ing pulping and paper production process 
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aking/paper-production/paperm
aking) 
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The overall aim of pulping is to reduce wood into its constituent fibres so that it may 

be reformed into a flat sheet. Chemically, wood is not a homogenous material 

however. Figure 1.2 shows the main chemical constituents of wood and their general 

component percentages. It should be noted here that for the purposes of papermaking 

and throughout the remainder of this thesis, hemicelluloses are included with 

discussion of celluloses.  

 

 
Figure 1.2: Chemical constituents of wood (http://www.slideshare.net/SappiHouston/basics-of-

wood-pulp-and-paper-november-2012) 

 

Generally, there are two pulping processes used to prepare raw wood, straw, cotton 

and other fibrous material for papermaking. The method used depends on the end use 

of the paper and the lifespan required for the product. Pulps for short use papers such 

as newspaper and brown paper packaging require less durability and are produced 

using a mechanical process. Mechanical pulping involves physically grinding the 

wood into fibres in the presence of water. The mechanical abrasion is achieved using 

stones with silicon carbide or aluminium embedded into them (Biermann, 1996).  

 

Where longevity is important such as in office, printing and book papers, chemical 

processing is used to remove lignin – a natural glue like substance that causes a dark 

colour, brittleness and yellowing over time (Roberts, 1996a). Removal of lignin also 
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increases the bonding strength between fibres (Bierman, 1996). Chemical pulping uses 

one of two chemical processes to break down fibres and remove lignin: 

   

  Sulphite Processing 

Salts of sulphuric acid (sulphite or bisulphates) are added to wood chips in large 

digesters and sealed under pressure. The pH of the mixture is adjusted using basic salts 

to achieve a pH between 1 and 1.5 (Roberts, 1996a). Sulphite processing is acidic and 

produces papers that are prone to degradation. It is also an expensive process that has 

largely been replaced due to environmental concerns.   

 

  Kraft Pulping 

Sodium sulphide and sodium hydroxide are added to wood chips to produce fibres that 

are almost completely de-lignified. The process takes place in closed digesters that 

produce steam – which is used to power the process. The lignin and other 

contaminants are dissolved in the strongly basic mixture and the solid pulp is removed, 

bleached and washed (Roberts, 1996). Kraft pulping is now the most common pulping 

method for its efficiency, low cost and high quality product.  

 

 
Historically, pulp bleaching used chlorine or hypochlorite to whiten refined fibres. In 

response to environmental concerns, bleaching is now a multi-stage process that uses a 

number of chemicals to reduce harmful residues and pollution.  

 

Depending on the grade and quality of paper to be used, bleaching (or more 

accurately, whitening) aims to remove all of the residual lignin (up to 5%) from the 

cooked chips, while creating a clean white fibrous mixture. The steps that can be 

included in the process are abbreviated for ease of description of methods. Table 1.1 

shows some of the chemicals used, what the step achieves and the common 

abbreviation for that step (Suess, 2010). 
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Letter 

Designator 

Chemical Use 

O Oxygen Molecular oxygen is used under alkaline conditions to 
oxidise lignin 

D Chlorine dioxide Acidic solution of 5% ClO2 in water for lignin oxidation 

E Caustic soda Extraction of oxidised lignin  

P Hydrogen peroxide Alkaline bleaching stage at high temperature  

OP Hydrogen peroxide 
and oxygen 

Alkaline bleaching with the addition of oxygen in a high 
pressure environment 

Z Gaseous oxygen Delignification  

Wash De-ionised water Wash step to remove residues 

Table 1.1: Common steps involved in pulp whitening and de-lignification  

 

 
Prior to entering the paper making machine, processed fibres are diluted with water 

down to 1% fibre content and combined with a number of chemical fillers and 

additives. Common types of additives, some common chemical forms and their 

purposes are shown in Table 1.2. A schematic of a typical paper machine is shown in 

Figure 1.3 (Kipphan, 2001). 

 
Figure 1.3: Schematic of typical paper making machine, showing key production stages (Kipphan, 

2001).  
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Type of Additive Chemical Forms Purpose in Papermaking 

Sizing agents Alkenyl succinic anhydride, alkyl 
ketene dimers, starches, soda ash. 

Surface agents that are applied 
once the paper is approx. 80% 
dry. These introduce hydrophobic 
groups onto the surface of 
cellulose, which impart water 
resistance and help to smooth the 
surface.  

Bulking additives 
Calcium carbonate, kaolin clay, 
chalk, limestone, talc, titanium 
dioxide, silica.  

Improve brightness, opacity and 
smoothness. Reduce cost by 
lowering fibre content (can be up 
to 20 or 30% of paper weight). 

Stabilisation and retention 
Aluminium sulphate, 
polyacrylamides, cationic starches, 
polyethylamine. 

Controls the stability of the 
suspension during process, retain 
fibres and fillers.  

Fluorescent brighteners  
Stilbenes – two benzene rings 
bonded by a carbon double bonded 
bridge. 

Increase emission of violet light, 
producing an increase in 
whiteness and brightness. 

Dyes 
Red, yellow, blue and violet 
coloured dyes.  

Used to adjust the opacity, hue 
and tint of papers. 

Table 1.2: Common additives in the paper making process (Roberts, 1996b). 

 

As shown in Figure 1.3, at the start of the paper making process a mixture containing 

the diluted refined fibres and additives is sprayed onto a moving wire (denoted the 

“fibre suspension”. The wire allows water to gravity feed away from the forming 

paper sheet. At the same time, vacuum units and a large flat roller remove more water 

before the sheet is picked up and fed onto a belt that is made of a fabric similar to felt. 

Felt covered rollers are pressed against the belt to further reduce water content in the 

sheet. After this process, the sheet is sufficiently internally bonded to hold its own 

weight and is fed through a long series of hot rollers that dry and press the paper flat.  

 

After the paper is dried it is fed into the sizing press. Here, a mixture of starches, water 

resistance agents and surface smoothing agents are sprayed onto the surface of the 

sheet to control its external properties. The paper then moves through another set of 

drying rollers, followed by a calendaring section which smooths and polishes the sheet 

before it leaves the press (Biermann, 1996).  



Literature Review and Aims 

 10 

Following paper production, the formed sheet is spooled on to large rolls that typically 

hold 60 tonnes of paper (Kipphan, 2001). These reels are stored until the paper is cut 

and packaged into reams (packages of paper that typically contain 500 sheets, of a 

specified size). In large scale processing, cutting of sheets can occur from multiple 

reels at the same time. For example, while at the Australian Paper manufacturing 

facility in Maryvale, VIC, the cutting/packaging machine was observed to be cutting 

and stacking six reels of paper into a single ream simultaneously. 

 

 
 

The examination of paper has long been overlooked by the document examination 

community in preference for other components of documents such as inks and toners. 

There are a number of potential reasons for this. Firstly, paper is assumed to be 

homogenous and lacking in the typical broad variation that may allow for 

discrimination. Secondly, paper examination is seen as a difficult undertaking (when 

done comprehensively) that requires a large amount of additional training and 

resources.  

 

The most extensive paper characterisation techniques are undertaken by paper quality 

assurance laboratories that exist within manufacturing facilities. The purpose of these 

examinations however is characterisation of the paper for the purpose of maintaining 

product consistency and specificiations. These examinations can include measuring 

the fluorescence, colour, tint, strength and density of the paper (Roberts, 1996b, 

Murphy, 2009). These laboratories often have experts who also specialise in 

identifying plant species microscopically from the fibrous content within the sheet. 

    

 
Paper can be examined a number of ways non-destructively. The physical attributes of 

paper can be unique to the production process that created it however the true 

“uniqueness” of these features is limited due to mass production. The most simple 

paper examination techniques are to measure the physical dimensions of the page 

including the mass, length, width and weight. Calculation of the grammage and 
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apparent sheet density from these measurements can give an indication of whether two 

pieces of paper are of the same grade.  These examinations are prescribed in 

International Standards ISO 536:1995 and ISO 534:1988 and Australian/New Zealand 

Standards 1301.405s:2004 and 1301.426s:1994 respectively (published online and 

accessible through Sai Global (2016)).  

 

Forensically, a number of techniques have been trialled, generally on small sample 

sizes, for the comparison of questioned document papers. One of these investigations, 

by Kumar (2011), aimed to utilise tensile strength testing. Four samples of paper were 

compared by removing strips from the paper and measuring the load they could hold 

and their strain peak, defined by the author as “the strain withstood by the sample just 

before rupture”. Although only a small sample was tested, the author concluded that 

with the addition of spectral techniques these tests were quite effective in 

discriminating papers.  

 

Spectral techniques, such as the examination of paper with ultraviolet (UV) light have 

been used by a number of researchers. Originally, UV light was used to observe 

differences in fluorescence between processed cellulose tree and cotton fibres (Hilton, 

1949). In more modern paper the test gives less meaningful results given the 

widespread inclusion of fluorescent optical brighteners and pigments in paper (Grant, 

1973). An in-depth study published by Green (2012) showed that up to 30% of 

samples tested had differences in the fluorescent properties of sheets within the same 

ream, which would be due to cutting of multiple reels into the same ream of paper.  

 

Causin et al. (2011) examined 20 paper samples using diffuse-reflectance ultraviolet-

visible-near infrared spectrophotometry that could not be visually discriminated. Using 

this technique in several different configurations, including examining the paper using 

reflectivity mode between 680 and 900nm, paper samples were found to be both 

homogenous when measured across the same side and discriminable between samples.  

 

Grain direction, wire marks and edge striations are other characteristics that can be 

used to compare and discriminate samples. These marks are created on a sheet during 

the papermaking and sheet cutting processes.  
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Grain direction in the fibres of paper is formed due to vibration of the papermaking 

machine, with the fibres aligning in the direction of movement of the web. This is 

shown pictorially in Figure 1.4 (Kipphan, 2001). This becomes a point of 

differentiation in cases where sheets are cut in either the machine direction (with fibres 

aligning to the long edge of the sheet, shown in Figure 1.4 as long grain) or the cross 

direction (fibres aligning to the short edge of the sheet, shown in Figure 1.4 as short 

grain). The grain direction is determined by visual examination, sometimes with the 

aid of shallow angle (oblique) light. Marchand (1989) found that this type of lighting 

was the most effective, producing correct results in all 100 tests by a skilled examiner.  

 

 
Figure 1.4: Schematic demonstrating grain direction in papers (Kipphan, 2001) 

 

The wire of the web of the paper machine also imparts an impression onto the sheet as 

it forms. Wire marks will vary depending on the mill and the frequency of replacement 

of the wire within the mill. The mark is not visible with the naked eye and is most 

commonly visualised using Fourier Transform processing. Holland (2004) used a high 

resolution digital camera, while Miyata et al (2002) and Berger (2009) both used 

transmitted light and a flatbed scanner to record the wire pattern. The results achieved 

are abstract representations of the frequency of repetitive features. While Miyata et al 

completed a larger study on the homogeneity of paper, all three studies showed the 

usefulness of using a Fourier Transform method for visualisation of this repetitive 

feature. Berger and Ramos (2012) have more recently published a new algorithm to 
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compute the Fourier Transformed image, which will search against a larger database 

of known samples.  

 

Edge striations are created when stacks of sheets of paper are guillotined to size. The 

tool mark created can be unique to the guillotine or blade that created it and is a 

method of comparing papers that may have come from the same source (Bodziak, 

1998). In contrast to wire marks, the images of the striations produced need no data 

processing and can be compared similarly to the manner in which a bullet casing 

would be compared (Cain, 1984).  

 

Special Features 

Security features are intentionally incorporated into specialist papers during 

production as protection against counterfeiting and alteration. Generally the paper 

used will be of a different composition to standard office papers and will contain a 

large proportion or 100% cotton fibres. Some of the security features that can be 

incorporated into these papers include watermarks (images impressed into the forming 

sheet), planchettes and fibres (extraneous materials added into the paper mixture) and 

security threads (long strips of plastic embedded into the sheet). Security papers are 

generally free from optical brighteners and will not fluoresce during UV light 

examination.  

 

 
A number of articles discussed in this section show promise in terms of their 

comparative abilities. However, prior to this research, none of these studies can be 

considered as validation studies for forensic casework purposes. This is especially true 

in Australia, where examination of paper (if conducted at all) is primarily of a physical 

nature. 

 

Measurement of the elemental composition of paper utilising various techniques, 

comprises the bulk of paper research conducted for forensic comparison. Techniques 

such as Neutron Activation Analysis (NAA), Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS), X-Ray Fluorescence (XRF), Laser Induced Plasma 

Spectroscopy (LIPS) and Laser Induced Breakdown Spectroscopy (LIBS) have all 
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been used. The target elements measured vary, although all are expected to have been 

introduced into paper as contamination of the components used in the papermaking 

process (Manso et al., 2008).  

 

Schlesinger and Settle (1971) discuss the use of Neutron Activation Analysis in the 

determination of the elemental compositions of papers. This study tested a large 

number of bond papers and found that there was inhomogeneity between brands that 

was traceable to the source. Blanchard (1978) also used Neutron Activation Analysis 

for higher quality papers. The samples used in this study were different to the samples 

used by Schlesinger and Settle however as only the clay component of the papers was 

analysed. The clays used were procured from paper mills and after analysing the bulk 

clays, papers were prepared by hand for further measurement. This research does not 

present a modern scenario however due to the samples measured and is hard to 

reconcile with casework given the high level of automation and engineering on 

modern papermaking. 

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) has been successfully used 

to compare and discriminate trace elements in paper. Spence et al. (2000) used 

microwave digestion prior to ICP-MS to look at 17 different papers from 10 countries. 

All 17 samples could be discriminated and further to this, four samples from one mill 

produced over 4 consecutive months showed differences when 3-4 elements were 

compared. This technique was used in a casework situation (Spence et al., 2002) 

where a threatening letter was differentiated from paper seized from a suspects 

premises. McGaw et al. (2009b) also successfully used the technique on a small 

number of 100% recycled papers with some success. The recycled paper in this study 

would be expected to be much more inhomogeneous (and therefore better able to be 

discriminated using such a technique) than other virgin pulp papers given the varied 

fibre sources utilised in production. Additionally, no homogeneity experiments have 

been undertaken within these studies so there is no experimentally defined view of the 

natural range of variation expected within one source.  

 

Laser Induced Plasma Spectrometry (LIPS) was used by Hakkanen (2001) to measure 

the elemental composition of papers that had multiple coatings. Using the laser to 

ablate thickness sections, the two coats on the surface of the papers could only be 
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detected if there was an elemental difference between them. Similarly, Laser Induced 

Breakdown Spectroscopy (LIBS) was used by Trejos et al. (2010) and coupled ICP-

MS using Laser Ablation (LA-ICP-MS) rather than the digestion methods used by 

McGraw and Spence. Using both techniques, greater than 98% discrimination was 

achieved for 17 papers. Using these two methods, weekly and monthly batches were 

also discriminated. Further work by Lennard et al. (2015) utilised LIBS on a sample 

set of 33 Australian papers taken from this project. Discrimination was observed on 

single sheets from each sample, with 98% discrimination observed within a 2 standard 

deviation comparison.  

 

Throughout these elemental studies, and particularly given some of the results 

presented throughout this project, homogeneity and variability for the trace chemical 

composition of document papers has not yet adequately been addressed.  There is 

further work to be done undertaken with laser ablation techniques to elucidate how 

much environmental handling, printing and usage would affect the trace elements 

measured on the surface of the sheets. Given that both in Trejos et al. (2010) and in 

Lennard et al. (2015) no laser depth experiments were published, it would be useful to 

investigate whether the surface of the sheet could be ablated and measurements taken 

from the centre of the sheet to negate the possibility of environmental contamination. 

Both variability and environmental contamination should be a consideration during 

interpretation and discrimination, as even in the clean sheets removed straight from the 

ream, contamination could be present from the cutting and packaging processes.  

 

Energy Dispersive X-Ray Fluorescence (ED-XRF) was used to measure a range of 

papers (from ancient parchments to modern papyrus and newspaper) by Manso et al. 

(2007) finding that modern papers contained a lower elemental composition than 

ancient papers. This was also seen in newspapers and the author suggests that the 

observation is due to greater quality control of modern papermaking. Rozic et al. 

(2005) used ED-XRF to measure a range of paper samples. The samples were 

combusted at 900°C prior to measurement to remove the bulk organic material. 

Differences were seen between the raw paper samples and samples that had been 

printed on using inkjet or toner processes, indicating that usage effects, so often 

overlooked, need to be considered when proving the usefulness of any technique.   
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McGaw et al. (2009a) used the undigested portion of the paper from the previous ICP-

MS study (McGaw et al., 2009b) to characterise the type and composition of the fillers 

and clays using Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray 

Diffraction (XRD). Bulk paper has also been characterised using FTIR by Andrasko 

(1996), with all 10 office papers tested able to be discriminated.  

 

Similarly, XRD was used by Foner and Adan (1983) to characterise the cellulose 

crystallinity and filler content of a range of papers. The technique was found to be 

useful in identifying the type of filler and in giving a rough indication of the filler 

concentration. Likewise, some papers were able to be discriminated based on the 

different crystalline structures of the cellulose used to make the paper. Causin et al. 

(2010) used the spectra from FTIR to calculate a peak area ratio for comparison of 19 

paper samples.  In combination with XRD, all 19 samples were discriminated however 

peak area determination in FTIR is not sufficient to conclusively include or exclude 

common source. 

 

Pyrolysis Gas Chromatography has been used in three main studies which aim to 

compare specialist photographic paper (Washall and Wampler, 1989), polymers in 

coated papers (Crockett et al., 1987) and in plain and printed officer papers (Wampler 

and Levy, 1986). All three studies show some potential for the technique however are 

studies that have only included small sample sizes or been conducted on very specific 

materials. 

 

Direct Analysis in Real Time Mass Spectrometry (DART-MS) has been used in a 

conservation study to identify the type of pulping process used by detecting different 

ions of interest that are present in the sample due to the high-temperature thermal 

processes used to break down formed wood into cellulose fibres. This interesting study 

has potential for forensic applications in comparison of papers that have been 

produced in different mills. DART-MS as a technique is also able to analyse the 

samples without pre-processing, with samples used in this study taken directly from 

the paper sheet measuring 6.4mm in diameter.  

 

The composition of papers is also able to be determined using a series of simple spot 

tests, including tests for the presence of calcium carbonate using dilute hydrochloric 



Literature Review and Aims 

 17 

acid, for rosin sizing using sulfuric acid and sugar, and using an iodine solution for 

detecting the presence of starch (Brunelle and Reed, 1984). Ziderman (1981) used the 

paper sample itself as a chromatographic sorbent for characterisation and comparison. 

 

While all of these techniques have shown some positive results in terms of their 

abilities to compare and discriminate papers, none of the published studies have 

moved beyond proof of concept to the level necessary for use in casework in an 

accredited laboratory. For the elemental techniques and those utilising laser ablation in 

particular, there is also the issue of environmental contamination, which could change 

or mask the true elemental composition of the paper through general use and handling. 

The limitation here is only assessing these techniques using clean papers sourced 

directly from purchased reams. Overall, given these limitations in addition to no ream 

homogeneity data, a lack of blind trials and method validation, it is difficult to assess 

the results of these publications in terms of their potential for use in forensic casework 

comparisons.  

 

 
 

 
Isotopes are defined as nuclides of the same element, differing only in the number of 

neutrons present in the nucleus. This produces a mass number difference between 

atoms of the same species and molecules of the same configuration. There are two 

types of isotopic species – radioactive isotopes (those that undergo decay) and stable 

isotopes (those that have not been observed to undergo decay) (Criss, 1999).  

 

For those elements with stable isotopes, there are at least two types of stable isotopic 

species – the light, dominant or major isotope; and the heavy, rare or tracer isotope. 

Some elements are monoisotopic, with only one stable isotopic species while some, 

such as lead, have up to 10 stable isotopes. The most commonly measured light stable 

isotopes are the isotopes of Hydrogen, Carbon, Nitrogen, Oxygen and Sulfur. The 

natural relative abundances of these isotopes are given in Table 1.3 (De Groot, 2008).  
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Element Isotope 
Average Relative 

Abundance (%) 

Hydrogen (H) 

1H 99.985 

2H  

(also known as Deuterium or D) 
0.015 

Carbon 
12C 98.89 

13C 1.11 

Nitrogen 
14N 99.64 

15N 0.36 

Oxygen 

16O 99.763 

17O 0.0375 

18O 0.1995 

Sulfur 

32S 95.02 

33S 0.75 

34S 4.21 

36S 0.02 

 

Table 1.3: The relative natural abundances of commonly measured stable isotopes (De Groot, 2008) 

 

 
Due to the low abundance of most heavy isotopes, measuring the absolute isotopic 

concentration in any material becomes difficult with respect to achieving precision. 

Instead, stable isotope measurements calculated as the relative difference between a 

standard material with known value and the unknown samples measured within the 

same experimental run. The isotope ratio, an expression of the isotopic abundance of a 

sample, is given by (Coplen, 2011): 

 

 

 

Where ‘h’ refers to the heavy isotope, ‘E’ refers to the element being measured, ‘std’ 

is the international standard scale being referenced against and ‘R’ is the ratio of the 

light and heavy isotope. An example of this notation, as utilised throughout this text, 

for carbon is 𝛿13CVPDB.  
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Delta values (𝛿) are expressed in parts per thousand or per mil (‰), which is a unitless 

number. The correct notation for expression of delta values is 𝛿 For ease of 

comparison, international standards are arbitrarily set to 0 ‰ and thus experimental 

results are expressed as the ratio of heavy to light isotopes relative to the standard 

used. In practical terms, this means that a negative delta value represents depletion in 

the heavy isotope, while positive values are said to be enriched in the heavy isotope, 

relative to the standard that the sample is being scaled against.  

 

Using delta values is an effective method of expressing isotope ratio results where by 

very small differences are more apparent and easier to interpret with respect to their 

significance. A paper published by Coplen (2011) outlines a range of description and 

calculation standards for working with isotopic results, recommended by the 

Commission on the Isotopic Abundance and Atomic Weights of the International 

Union of Pure and Applied Chemistry. This paper is now the standard for all results 

published containing isotope ratio measurement results.  

 

The International Atomic Energy Agency (IAEA) and the National Institute of 

Standards and Technology (NIST) both supply a range of natural and non-natural 

isotopic standards. The international standards produced by these agencies have values 

that are traceable back to a master scale or material (those that are set to 0 ‰). For 

comparability, all reported isotopic abundance values must be traceable back to these 

scales. Commonly referenced international standard scales and the stable isotopes they 

reference are shown in Table 1.4 (Werner and Brand, 2001, De Groot, 2004). 

 
Element Standard Name 

O, H Vienna Standard Mean Ocean Water (VSMOW) 

C Vienna Pee Dee Belemnite (VPDB) 

N Atmospheric Nitrogen (AIR) 

Table 1.4: International Isotopic Reference Materials 

 

International standard materials with published values are in limited supply and are 

only able to be purchased by a laboratory from the IAEA once every three years. For 

high-throughput laboratories, this means that working standards should be developed 
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for routine measurement. Guidelines for selection of materials for use as laboratory 

standards have been discussed by Kipphardt (De Groot, 2004). Additionally, forensic 

laboratories that are accredited to international standards must ensure that any 

reference materials used meet international standard guidelines for their laboratory 

(e.g. ISO/IEC 17025:2005 (ISO, 2005)). Guidelines have been produced to assist in 

this process such as those set out in ISO Guide 34: 2009 (ISO, 2009).  

  

Werner and Brand (2001) discuss the criteria for selection and calibration of materials 

as laboratory standards. These criteria include: 

• Similarity of chemical composition to the sample material 

• Bracketing of the expected isotope ratios of the sample material 

• Homogeneity  

• Stability (no fractionation during storage, preparation or measurement) 

• Availability  

• Similarity of decomposition during pyrolysis and/or combustion  

• Ease of use 

While this list was intended for calibration of new materials, it is equally appropriate 

as a general guide to the selection of isotopic reference materials, particularly this 

respect to the first two criteria.  

 

 
 

Prior to being exported to Microsoft Excel®, the isotopic ratio values obtained from 

the IRMS software have undergone a series of calibrations and corrections which vary 

depending on the isotope being measured. Most fundamental to this is “single point 

anchoring” of the measured sample peak heights against a defined value for a pure 

reference gas.  

 

In continuous flow measurements, there are two options for single point anchoring of 

the measured values using reference gas – the isotopic ratio of the working gas tank 
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can be calibrated or, as is the practice utilized within the AFP laboratory, the working 

gas value is arbitrarily set to 0 ‰. The primary advantage of using a 0 ‰ reference gas 

value avoids any mass dependent effects from the progressive emptying of the tank, 

with the values expected to shift over the life of the tank as the heavy isotope is more 

likely to be retained in the tank longer, shifting the isotopic ratio of the reference gas 

over time.   

 

Other corrections that take place within the IRMS software include: 

• 17O correction for oxygen and carbon measurements  - 17O correction is used to 

account for the contribution of 17O to the isotopologues of CO2 and CO by 

assuming that their contribution (species containing 17O/16O) is half that of the 

heavier isotope (i.e. that 17O/16O contributions are half that of 18O/16O). The 

correction is applied through scaling of the three masses measured (m/z 45, 46 

and 47) using a correction calculation developed by (Craig, 1957). The 

contribution of 17O is much smaller in the measurement of CO but is corrected 

within the software in a similar fashion (Carter, 2011).  

• H3
+ factor for hydrogen measurements - H3

+ is created within the ion source at 

increasing gas pressures through the ionization of H2
+ with H2 (creating H3

+ and 

H). The number of H3
+ ions formed is proportional to the gas concentration in 

the ion source. The factor is determined using an on/off reference gas sequence, 

increasing the gas pressure, and scaling the m/z 2 intensity against the m/z 3 

intensity across the different pressures. The H3
+ factor is then applied to each H 

peak measured (Carter, 2011).  

 

During long analytical sequences it is possible for the values produced by the 

instrument to shift over time due to changes in the isotopic content of the reference 

gases or small changes in the ion source. To correct for this, standard materials should 

be placed at the start and the end of each analytical sequence so that their values can 

be monitored and compared. Using the mean value for each replicate group (noting 

that any outlying values should be identified and removed prior) an absolute difference 

should be calculated between the two replicate sets of standards at the start and the end 

of the sequence. Where the difference is larger than the published analytical error of 
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the instrument (published in FIRMS Good Practice Guideline, adopted from Thermo 

Fisher as 3 ‰ for 𝛿2H, 0.5 ‰ for 𝛿18O, and 0.3 ‰ for 𝛿13C and 𝛿15N) drift correction 

should be applied to the entire analytical sequence (Carter, 2011). 

 

If drift correction is required, the difference between the two sets of standards (mean 

drift) is used to correct each 𝛿-value (corrected value) in the sequence using the 

instrument derived value (raw value) and both the analytical sequence length (# 

samples total) and the position of the sample 𝛿-value being corrected within that 

sequence (position #), using the following equation:  

 

 

 

This correction should be applied prior to isotopic scale calibration. 

 

The internal materials and reactors of both the Flash EA and TC/EA can become 

contaminated with previous samples, leading to the introduction of memory effects. 

Likewise, when analysing materials with widely different 𝛿-values, the detectors of the 

IRMS can take a number of samples to accurately record the change and stabilise. This 

is most prominently seen in measurements of hydrogen, particularly when running 

water standards that vary widely in their 𝛿2H values (e.g. SLAP2 and VSMOW2 have 

a difference of -428 ‰).   

 

Grubbs test is a common test for outlier identification within a replicate group. The 

formula is given as (Hibbert and Gooding, 2006):  
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The G value obtained for each sample can then compared to the Gcritical value used in 

Grubbs test, which varies depending on replicate number and the confidence required 

(see page 78 of Hibbert and Gooding).  

 

Grubbs test is ideally utilised to remove a single outlier only. As a normal distribution 

is assumed, which can confidently be transposed on to standard materials but cannot 

be assumed for document papers, care was taken not to exclude paper values unless 

the G value was large and the difference could reasonably be attributed to instrument 

shift or random error.  

 

Isotopic scale calibration (also termed “normalisation”) is used to correct 

raw/measured isotopic abundance values of a sample to the “true” value that is 

reported against an internationally traceable standard material. While some correction 

to the raw δ–value occurs within the instrument through referencing against the 

reference gases run in each sample analysis, manual processing of the raw values is 

required, generally in Microsoft Excel® or similar.  

 

A number of conditions must have been met in the experimental design and results 

obtained for scale calibration to be successful: 

1. Good chromatography of the analytical sequence including efficient peak 

elution and separation, and low background noise.  

2. Using the two sets of standards, placed at the start and the end of the analytical 

sequence for assessment of drift, with drift correction applied to the raw results 

if required  

3. The standards selected bracket the unknown sample values 

4. A quality control (QC) material, with a published or laboratory defined value is 

included in the sequence to provide a check of the scale calibration.  

 

For continuous flow instruments, isotopic scale calibration using two-point linear 

regression normalisation is undertaken for each analytical sequence produced. This 

process can also be termed “linear shift normalization”, “multipoint normalization” or 

“stretch-shift correction”.  
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A calibration plot is obtained, where the measured value for the standards are plotted 

against the published (or laboratory calibrated) value for the material. An example of a 

calibration plot obtained for standard materials IAEA-CH-7 (Polyethylene) and IAEA-

CH-6 (Sucrose) is shown for δ13CVPDB in Figure 1.5.  

 

 
Figure 1.5: Two-point calibration plot for δ13CVPDB (‰) using polyethylene and sucrose standards 

 

There are two factors being determined in the calibration – the stretch factor and the 

shift factor. These two factors are combined using a linear regression (y=mx + b) in 

the equation of the line of best fit between the two standards such that: 

 

  Corrected = stretch factor * raw value + shift factor 

 

The stretch factor is used to ensure that the difference between the two standards used 

is retained. So, using the example in Figure 1.5, the difference between the published 

values of Polyethylene and Sucrose is 21.702 ‰. The measured difference between 

the same standards is 21.551 ‰, slightly smaller than the true/published difference 

between the two materials. To account for this, a ratio is taken through the use of 

linear regression, to stretch the measured scale to the required difference. In this case, 

the ratio of true difference/measured difference (given by the m value of the line) is 

1.007.  
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The shift factor is used to move the position of the line to bring it into agreement with 

the scale being used. For carbon this is the VPDB scale, for oxygen it is VSMOW. 

This positional difference is given by the b value in the linear regression equation.  

 

When three or more standard materials are used in a calibration, the R2 value is used to 

understand how well the data fit the regression model. This can be used to monitor the 

behaviour of the instrument and identify errors. Conversely, when a two-point 

calibration is utilised, it is essential to include a quality assurance material to monitor 

the performance of the instrument and the calibration. This is shown in Figure 1.5 with 

international standard cellulose (IAEA-CH-3) being used as a calibration check. While 

a standard material with a published value has been used here, it is equally valid to 

utilize an alternative material whose laboratory value has been defined and its 

homogeneity demonstrated. Ideally, this material should be matrix matched to the 

unknown samples being measured.  

 

Once the two-point normalization chart has been constructed and the QC material 

shown to sit on the calibration line, correction of unknown samples can proceed 

utilizing the regression equation. 

 

 

Fractionation is defined as any chemical or physical reaction or process that shows a 

bias between the heavy or light isotopes of a compound (Meier-Augenstein, 2010). 

Fractionation occurs due to differences in the vibrational frequencies of the bonds 

between light and heavy isotope containing molecules. Molecules containing heavy 

isotopes are more tightly bonded and have lower vibrational frequencies than lighter 

isotopes, creating a difference in reaction rates during chemical reactions. Overall, 

heavier isotopes have less free energy available for reaction and hence require more 

energy to break a bond, making them react slower than light isotopes (Fry, 2006). 

Selective enrichment and/or depletion of materials can occur through a variety of 

equilibrium and kinetic fractionation processes.  
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Equilibrium isotope effects are those that occur due to differences in the 

physicochemical properties of molecules. Some examples of these kinds of properties 

include infrared absorption, molar volume and boiling and melting points (Meier-

Augenstein, 2010). Equilibrium effects also include equilibrium exchanges - when the 

exchange between two different phases or product pools is equal (Fry, 2006). 

Equilibrium exchanges occur in reactions such as the transformation of water vapour 

to liquid precipitation (Meier-Augenstein, 2010).  

 

Equilibrium fractionation is based on the bond strength differences (due to mass 

differences) when two phases are exchanging isotopic molecules (Yinon, 2004, Sharp, 

2007). This is demonstrated in Figure 1.6, which shows the different potential energy 

states for diatomic hydrogen. In this diagram, the mass differences observed between 
1H-1H, 1H-2H (H-D) and 2H-2H (D-D), result in an increase in potential energy and 

hence an increase in bond strength (Sharp, 2007). The consequence of this is that in 

any equilibrium reaction, the heavier isotope will form a stronger bond, be slower to 

change phases and overall partition (or remain) in the phase containing the higher 

bond energy. This follows three general rules (Schauble, 2004 in (Sharp, 2007): 

 

1. Equilibrium fractionation between two phases generally decreases with 

increasing temperature 

2. The degree of fractionation is generally larger for isotopes with a larger mass 

ratio difference 

3. The heavy isotope is preferentially portioned into the phase containing the 

highest bond energy. 

 



Literature Review and Aims 

 27 

 
Figure 1.6: Bond energy differences in molecules containing 2H (annotated here as D) (Sharp, 2007) 

An example of equilibrium fractionation is observed in the uptake of carbon dioxide 

from the atmosphere by plants utilising C3 photosynthetic pathways (see further 

discussion in section 1.10). Figure 1.7 (Fry, 2006) demonstrates carbon fractionation 

during uptake from the atmosphere (-8 ‰), across a diffusion membrane with a 

fractionation of 4.4 ‰ and secondary (kinetic) fractionation inside the leaf stomata to 

fixed carbon with a further fractionation of 29 ‰. Calculation of fractionation factors 

is discussed in section 1.7.3.  
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Figure 1.7: Carbon equilibrium fractionation during C3 photosynthesis, top showing general 

pathway of movement of CO2, bottom showing fractionation factors (Δ) based on current 

atmospheric δ13C value of -8 ‰ (Fry, 2006). 

 

 
Kinetic isotope effects are those that take place in reactions that are irreversible. They 

again are based on differences in the reaction rates created by tighter bond energies in 

heavy isotope containing molecules. This causes permanent fractionation and a net 

depletion of the heavy isotope within the product of the reaction (Dawson and 

Siegwolf, 2007). Kinetic effects occur because of differences in the diffusion of 

molecules across a surface, diffusion of molecules through a substance and due to 

enzyme catalysed reactions (Hoefs, 2008). The magnitude of the fractionation is 

affected by the pressure, temperature and the availability of reactants (i.e. whether the 

system is open or closed) in any reaction. An example of a kinetic isotope effect is 

fixation of CO2 in photosynthesis, which in an open system with continuous input of 
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atmospheric CO2 causes depletion of 13C in the products of photosynthesis due to 

differences in the reaction rates with photosynthetic enzymes (Ehleringer, 1993).  

 

 
The fractionation that occurs during a reaction can be calculated using the following 

equation (Fry, 2006): 

Δ = δsource - δproduct 

 

The fractionation factor for a material (α) is defined as the ratio of rate constants 

where (L) denotes the light isotope, (H) is the heavy isotope and (k) is the reaction rate 

constant (Fry, 2006). This forms the equation: 

 

 

 

The value derived from this calculation is used to describe the isotopic preference of a 

molecule in a given reaction. The differences are small – in the low percent values – 

and are commonly scaled up to the per mil notation so that the values are comparable 

to the scale used for measurement. This is done in one of two ways, depending on the 

subject matter being studied. 

 

For chemists and biologists Δ (“big delta”) is commonly used where the following 

equation gives a positive δ value and expresses the amount of fractionation in a 

particular molecule: 

 

Δ = (α – 1) * 1000 

 

In geochemistry and hydrology, the equation for α is reversed, giving: 

 

 

 

and fractionation is expressed using epsilon (ε), which is calculated using the same 

equation as for Δ: 
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ε = (α – 1) * 1000 

 

The difference when using ε is that the value obtained is a negative per mil number. 

The terms are interchangeable and in most respects, result only in a change in 

terminology. For further information on the fractionation calculations used in isotopic 

studies, chapter 46 of De Groot (2004),  Fry (2006) and Dawson and Siegwolf (2007) 

discuss in more detail.  

 

 
 

 
A mass spectrometer ionises molecules and separates them based on their mass to 

charge (m/z) ratio. This separation is achieved by accelerating the charged molecules 

through a magnetic field. Due to differences in the mass of ions, different path lengths 

are formed within the flight tube, causing the molecules to finish at different points at 

the end of the tube (Harris, 2003).  

 

In structural mass spectrometry, there is one detector that scans and detects a range of 

masses present in a sample. In an IRMS, multiple detectors simultaneously collect 

only one m/z ratio each. The importance of this is two-fold – firstly the high sensitivity 

of these detectors allows for the collection of low abundance levels within a sample 

i.e. accurate recording of the heavy isotope. Secondly, without collecting a full 

complement of both the light and the heavy isotope, a true ratio could not be 

calculated due to time vs. signal effects- the most predominant being later presentation 

of the heavy isotope due to a slightly heavier mass (Yinon, 2004).  

 

The 4 key components of an isotope ratio mass spectrometer are (as shown in Figure 

1.8):  

1. The sample preparation method and inlet system – where the sample enters the 

mass spectrometer either using continuous flow or dual inlet methods 

2. The ion source – where the sample is ionised, focussed and accelerated 
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3. The mass analyser – which separates ions leaving the ion source based on their 

m/z ratio as they pass through a magnetic field  

4. Detection – in an IRMS instrument, between 3 and 7 detectors (typically five, 

as shown in Figure 1.8) called Faraday collectors are used. As an ion hits the 

detector, an electrical impulse is created which is amplified. To increase 

sensitivity and to reduce noise, each faraday collector is mounted in a set 

position and contains its own amplification and counting devices. Overall, this 

ensures that the very small amounts of heavy isotope are detected while in the 

presence of a much larger light isotopic signal. 

 

Detailed information on the set-up and operation of an IRMS is provided in De Groot 

(2004), De Groot (2008), Yinon (2004) and Platzner et al. (1997). 

 

 
Figure 1.8: Schematic of an IRMS instrument showing different measurement options – either 

Continuous Flow or Dual Inlet (http://www.gwadi.org/tools/tracers/methods). 

 

Dual Inlet IRMS is the traditional method used for isotopic studies and it is still 

considered the most accurate in terms of sensitivity of measurement. Both a reference 

of known isotopic composition and the sample gas to be measured are loaded into 

separate compartments called bellows, which function as sample delivery chambers. 

During a measurement, the reference and the sample gases are alternatively fed into 
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the ionisation chamber of the mass spectrometer throughout a sequence. Doing this 

allows the instrument to continually correct the unknown samples gas against the 

reference gas values, increasing the accuracy and precision of the results obtained and 

removing the need for further isotopic scale calibration (Platzner et al., 1997).  

 

The main drawback of dual inlet measurement of gases is sample preparation. The off-

line sample preparation processes required to convert solid samples into gases are time 

consuming and can be complex, generally requiring a set-up of vacuum lines, 

cryogenic traps and furnaces to be completed (SIRFER, 2010).  

 

 
In continuous flow systems, the preparation of a sample into gas form is conducted on-

line with the IRMS. This decreases the time and the cost of analysing samples and 

makes preparation simpler. The commercialisation of these sample systems has 

significantly increased the number of users of IRMS (De Groot, 2004). 

 

The key to continuous flow methods is the split system. For precision and accuracy to 

be maintained during measurement, the gas pressure entering the ionisation source 

must be kept stable. This is undertaken using an open split interface where a small 

capillary is used to calibrate and sub-sample gas from the main flow exiting the 

sample preparation instrument. Typical gas pressures exiting an elemental analyser are 

anywhere from 80 to 150mL/min. This is reduced and standardised to ~0.3mL/min for 

the rate entering the IRMS (2007).  

 

A schematic of the open split interface is shown in Figure 1.9 (Revesz et al., 2012). 

The interface allows the sample (or standard) gas to be mixed with He carrier gas (the 

same carrier as used in sample preparation systems) before entering the inlet capillary 

into the mass spectrometer (Platzner et al., 1997, Werner et al., 1999). It also allows 

for control of reference gas peak height, which should be scaled to the same height as 

sample peaks to maximise sample precision and calculation of 𝛿 value. Note, in Figure 

1.9, either the sample open split or the reference open split are open at any one time 

(not both).   
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Figure 1.9: Schematic of an open split inlet in a continuous flow IRMS (Revesz et al., 2012) 

 

Depending on the sample or element to be measured, different combustion or 

separation techniques can be used to convert the sample into a simple gas. These 

techniques include elemental analysers for bulk analysis, gas or liquid chromatography 

systems for compound specific studies, or gas bench set-ups for measuring the head 

space of vials containing water, atmospheric gas or carbonates (where acids are 

injected into the vial before sampling).  

 

Bulk Stable IRMS Analysis (BSIA) utilises combustion or temperature conversion by 

an elemental analyser to convert a sample of interest into its gas constituents. The 

gases measured by the mass spectrometer are shown in Table 1.5.  

 

Element 
Isotopes of 

Interest 

Gas Species 

Measured 

Common Isotopologues of 

Interest 

Masses 

Measured  

Nitrogen 14N, 15N N2 
14N14N, 14N15N, 15N15N 28, 29, 30 

Carbon 12C, 13C CO2 
12C16O2,13C16O2 , 12C18O16O 44, 45, 46 

Oxygen 16O, 18O CO 
12C16O, 13C16O, 12C18O 28, 29, 30 

Hydrogen 1H, 2H H2 
1H1H, 1H2H 2, 3 

Table 1.5: Isotopes measured by BSIA and the actual gas species measured  

 

Also shown in Table 1.5 are the isotopologues (molecules that differ only in their 

isotopic composition) measured for each element, with the mass number measured. 

Section 1.6.4 details key corrections undertaken for CO2 and H2 measurements that are 

prone to interference from 17O and H3+.  
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The isotopic values obtained during measurement represent the isotopic composition 

of the material as a whole. Samples are weighed into either tin or silver capsules. 

Isotopically known materials are run alongside unknown samples in the same 

sequence utilising an auto sampler carousel that is purged with helium to dry and 

prevent atmospheric contamination. There are two types of elemental analysers that 

are used for bulk stable analyses.  

 

Quantitative High Temperature Combustion 

Work began to adapt elemental analysers for IRMS in the 1980’s. The first successful 

attempt was a manual system in 1983 (Preston and Owens, 1983), followed shortly 

after by a fully automated system in 1984 (Barrie and Workman, 1984 as discussed in 

(Barrie et al., 1989)). Current instruments are highly automated and purpose built for 

IRMS.  

 

High temperature combustion elemental analysers are used for the measurement of 

carbon, nitrogen and sulfur.  For analysis, samples are weighed into tin capsules that 

are dropped into a combustion furnace heated between 900 and 1700°C, though 

typically temperatures around 1000°C are utilised. The combustion furnace is packed 

with oxidative materials such as chromium oxide on aluminium and silvered cobaltous 

oxide for carbon and nitrogen, and reduced copper or tungstic oxide for sulfur 

(SIRFER, 2010).  

 

The sample is dropped into the combustion tube that contains an inert helium carrier 

gas. An additional pulse of oxygen is introduced to increase the temperature of the 

reaction and to cause combustion of the sample at over 1800°C (termed ‘flash 

combustion’). The resulting mixture of gases is swept by the helium carrier stream 

through to a reduction tube packed with reduced copper to remove excess oxygen and 

to reduce nitrogen oxides to elemental N2 (SIRFER, 2010). A packed 5 Å GC 

molecular sieve is used to separate N2 and CO2 before they enter the open split 

interface for entry into the IRMS (Benson, 2009).  

 

Carbon and nitrogen isotopes can be measured from the same sample however sulfur 

must be measured separately due to the difference in internal packing material 

required for combustion. Precision of the measurement values obtained however, is 
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increased when isotopes are measured separately due to stability being maintained 

within the IRMS detectors.  

 

The internal packing materials and configuration of the set-up of the Flash instrument 

for measurement of carbon isotopes can be found in Chapter 2. 

 

Quantitative High Temperature Conversion 

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

conversion of bulk samples into the simple gases H2 and CO for the measurement of 

hydrogen and oxygen isotopes. The sample is weighed into a silver capsule and 

dropped into a hot glassy carbon furnace held at 1450°C. As for elemental analysers, a 

molecular sieve is used to separate the reaction gases before they enter the open split 

interface (SIRFER, 2010). Hydrogen and oxygen are generally measured separately 

due to issues that can arise with stability when changing the settings within the IRMS 

for detection of hydrogen isotopes mid-run (Gehre and Strauch, 2003). The internal 

packing materials and conditions used in the measurement of oxygen isotopes using 

TC/EA are detailed in Chapter 5.  

 

In compound specific IRMS analyses, the isotopic compositions of target molecules 

within a mixed sample are measured. The most common method of separating a 

sample on-line is by gas chromatography. Liquid chromatography is becoming more 

prevalent as the technology adapts however little work has been published using this 

technique in a forensic context. Chromatographic methods separate a bulk sample into 

its constituents and during peak windows of interest a switch diverts the separated 

sample into a combustion tube heated between 700 and 800°C to convert the sample 

into a simple gas. The combusted sample is directed through an open split to the mass 

spectrometer. This method is most useful for volatile substances such as plant fatty 

acids, petroleum, food and perfume authentication and drug studies (Lichtfouse, 

2000).   
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Laser spectroscopic methods are becoming prevalent for water, carbon dioxide and 

methane gas studies. The most common type of spectroscopic method is via cavity 

ring down spectroscopy (CDRS). In this method an enclosed cavity is filled with laser 

light by bouncing it between three mirrors. The intensity of the light is monitored and 

once the laser is turned off, small leakages of light lead to degradation of the signal 

over time. If a sample is also present in the chamber, absorption of the light takes 

place, decreasing the time taken for the light to degrade. The difference in degradation 

between an empty chamber and a sample filled chamber is characteristic for the gas 

species and isotopic ratio of the sample being measured (Piccaro, 2011). These 

systems are deployed remotely for gas measurement and climate studies (Schauer et 

al., 2003).  

 

 
 

 
Whole earth isotope values were set when the earth was formed. The relative amounts 

sectioned into different materials within the earth however are able to shift through the 

equilibrium and kinetic fractionation events observed as part of natural cycles (Meier-

Augenstein, 2010). Coplen et al (2002) presents a valuable reference of the expected δ 

values for a range of materials., Figure 1.10 and Figure 1.11 show the typical carbon 

and oxygen isotopic ranges measured for a series of naturally occurring materials 

(Coplen et al, 2002). Also included in these figures are references to available standard 

materials and their published 𝛿13CVPDB and 𝛿18OVSMOW values.  
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Figure 1.10: Carbon isotopic abundance ranges for naturally occurring materials (Coplen et al, 

2002). 
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Figure 1.11: Oxygen isotopic abundance ranges for naturally occurring materials (Coplen et al, 

2002). 

 

The most fundamental natural cycle for isotopic distribution is the global hydrological 

cycle. This cycle encompasses how water is cycled between the oceans, air masses and 

ground or surface waters. The isotopic compositions of precipitation are related along 

the Global Meteoric Water line defined by Craig (1961), with the equation: 

 

δ2H = 8.0 * δ18O + 10 
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Variations in the isotopic values of precipitation and land mass water occur for two 

main reasons (Gat et al., 2001):  

• Evaporation of surface ocean water; and 

• Rain out of vapour masses as they move to cooler and higher climates. 

Evaporation of water from the surface of the ocean is a kinetic fractionation 

process that varies with temperature and air humidity (Lloyd, 1966). This leads 

to varying levels of fractionation with the vapour always being depleted in the 

heavy isotope compared to the source water (Gleixner and Mugler in (Dawson 

and Siegwolf, 2007)). At higher temperatures fractionation is smaller than at 

lower temperatures due to the increased energy available for reaction by the 

heavy isotope (Cappa et al., 2003).  

 

Fractionation also occurs during precipitation – with heavy isotopes being lost at a 

faster rate than light isotopes. This is due to (Gleixner and Mugler in (Dawson and 

Siegwolf, 2007)): 

• The continental effect – when vapour travels over land, prior rain out depletes 

the remaining air mass. The longer the distance, the more distinct the effect. In 

Europe for example, fractionation occurs at around -2 ‰ per 1000km over 

inland areas (Rozanski et al., 1982). Further to this, fractionation and mixing of 

air masses occurs as temperatures and humidity varies.   

• The amount effect – the heavier the rainfall event, the more depleted the 

remaining cloud vapour becomes. 

• The altitude effect – when a cloud moves up a mountainside, cooling of the 

vapour results in depletion of the precipitation the higher the vapour travels. 

• The latitude effect – the more that precipitation moves away from the equator, 

the more depleted it becomes due to cooling of the air mass.  

 

The effect of these factors on the Meteoric Water Line (as defined by Craig, 1961) are 

summarised in Figure 1.12.  
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Figure 1.12: Effect of a range of factors on δ2H and δ18O values of water 

(http://web.sahra.arizona.edu/programs/isotopes/oxygen.html) 

 

 

Also observed in Figure 1.12, water sources such as ground water, rivers and basins 

are primarily a product of the precipitation that feeds into them, less the effect of 

evaporation. In particular, closed basins such as lakes can exhibit highly enriched 

isotopic values due to the continual evaporation of light isotopes from stored water 

(Gat et al., 2001).  

 

The overall isotopic variability of water globally is monitored and measured by the 

Global Isotopes in Precipitation Network (GNIP, http://www-

naweb.iaea.org/napc/ih/IHS_resources_gnip.html). This monitoring program is run by 

the IAEA and measures 𝛿2H and δ18O isotopes alongside traditional metrological 

information in precipitation collected from a large number of collection stations 

internationally. Further discussion on this kind of monitoring is included in section 

1.10.3. 

 

Naturally occurring carbon dioxide cycling is primarily driven by the equilibrium 

exchange of dissolved inorganic carbon (bicarbonate, HCO3
−) in oceans and CO2 in 

the atmosphere (Fry, 2006). This in turn informs other sources of carbon including 
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plant δ13C values, which are derived from atmospheric uptake of CO2 and fixation 

using photosynthesis. Typical inputs, fractionation and processes effecting the carbon 

cycle are shown in Figure 1.13 (Fry, 2006). 

 

Active exchanges are also now occurring between the atmosphere, terrestrial 

ecosystems and the ocean. In the last 50 years, anthropogenic inputs from terrestrial 

ecosystems have caused a net depletion in atmospheric carbon to -8 ‰ (Keeling et al., 

1979, Keeling, 2001). The main cause of this depletion is the large increase in the 

concentration of burnt fossil fuels entering the atmosphere (Sharp, 2007).  

 

 

 
 Figure 1.13: Typical sources of variation in the δ13C distribution. Double arrows denote an 

equilibrium fractionation event (Fry, 2006). 

 

 
 

 
Overall, plant tissue values are a product of the isotopic value of the CO2 absorbed, the 

environmental conditions CO2 is absorbed under and the method used to assimilate the 

carbon into plant tissues.  
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The fundamental process affecting the stored isotopic values of trees lies in the type of 

photosynthesis used (Mathews et al., 2000). Adaptations present in leaf cells are used 

in times of heat stress and low water availability. The stomates (or pores) in the leaf 

allow diffusion of carbon dioxide and oxygen into and out of the intracellular space. 

When stomates are open in times of high heat, water loss due to evaporation is a key 

issue. Both spatial and temporal adaptations by plants exist to overcome this problem.  

 

The most common type of photosynthesis (C3 photosynthesis or the Calvin Cycle), 

uses a three carbon enzyme – ribulose-1,5-bisphosphate carboxylase/oxygenase 

(Rubisco) - to convert carbon dioxide in the mesophyll cells of the leaf, through a 

number of intermediates to sucrose. Rubisco has the potential to reverse the reaction 

however, recreating carbon dioxide when oxygen levels are high and carbon dioxide 

levels decrease. This occurs when stomates are forced to close to conserve water due 

to dry or arid conditions. The process flow for the Calvin Cycle in C3 plants is shown 

in Figure 1.14 (Campbell et al., 2002). 

 

 

 
Figure 1.14: Calvin cycle with direct input of CO2, as utilised by C3 plants in photosynthesis 

(Campbell, 2002). 
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In heat adapted or C4 plants, another type of cell – the mesophyll cell – is utilised to 

prevent this reverse reaction from occurring. The mesophyll cells of the leaf are 

located closest to the stomates, catalysing a reaction using phosphoenolpyruvate (PEP) 

carboxylase to transport carbon dioxide to the bundle sheath cells through the 

conversion of CO2 to a four carbon organic acid. This enzyme has a high affinity to 

carbon dioxide and prevents the backward reactions of Rubisco during stomate closure 

(Mathews et al., 2000, Campbell et al., 2002). As seen in Figure 1.15, this organic acid 

is released back as CO2 to the Calvin Cycle.  

 

 
Figure 1.15: Calvin cycle with indirect input of CO2 via an organic acid intermediate, as utilised by 

C4 plants in photosynthesis (Campbell, 2002). 

 

Further to this, Crusselean Acid Metabolism (CAM) plants have additional adaptations 

for highly arid conditions. These plants are unable to open their stomata during the day 

and are forced to capture as much carbon dioxide at night as possible. This is achieved 

by creating an organic acid intermediate at night that is stored and processed into a 

sugar during daylight hours. CAM plants are also adapted to use C3 metabolism during 

milder climatic conditions (Campbell et al., 2002).  

 

Isotopically, the differences in the photosynthetic pathways used to capture carbon 

dioxide play a significant role in the values for δ13C of organic materials. In leaves and 

plants that are able to open their stomates during the day, 12C can be continually 
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replenished and discrimination against the use of 13C occurs. In leaves and plants that 

must close their stomates, the reactions are forced to draw from a limited pool of 

substrate and over time 13C is utilised more than in open systems (Dawson and 

Siegwolf, 2007).  

 

Farquhar et al (1982) combined these factors into an equation which predicts the 

carbon isotope value of cellulose: 

 

δ13C = δ13Catm
 - a - (b - a) (Ci / Ca) 

 

Where δ13Catm is the current δ13C value of the CO2 in the atmosphere (-8 ‰), ‘a’ is the 

fractionation associated with diffusivity across the stomatal membrane (a = 4.4 ‰), ‘b’ 

is the net fractionation by Rubisco (b = -27 ‰ for C3 plants, 5.7 ‰ for C4 plants) and 

Ci/Ca describes the difference between the intercellular (Ci) and atmospheric (Ca) 

concentrations. The Ci/Ca ratio describes the effects observed in plants that create 

sucrose with their stomata closed and open (See also (Farquhar et al., 1989)). For 

example, if the stomates are closed, the Ci value will increase, causing the overall δ 

value of the fixed carbon to rise. Conversely, if the stomates are open, the Ci value will 

be close to equilibration with Ca, creating δ values that are close to the fractionation 

seen with Rubisco alone (around -20 ‰) (McCarroll and Loader, 2004).    

 

Overall, the expected δ13C values for cellulose in C3 plants are between -20 and -35 ‰ 

with an average of -26.7 ‰ (Cerling et al., 1997). For C4 plants, the average δ13C 

value is -12.5 ‰ (Cerling et al., 1997) with a range of -9 to -19 ‰ (Deines, 1980). For 

CAM plants, that utilise C3 photosynthesis when conditions permit, the measured δ13C 

values span the full range of both C3 and C4 plants; from -10 to -29 ‰ (Lerman et al., 

1974). These results are further confirmed in Sternberg et al. (Sternberg et al., 1984b, 

1984a). 

 

Natural variations in δ13C values also occur within different tree tissues, due to 

differences in the chemical structures and enzyme pathways used during synthesis. 

Marshall in Lajtha and Michener (1994) discuss the difference between the cellulose 

(polymeric sucrose molecules) and lignin (complex phenolic cross-linked polymers) 
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molecules produced in the same tree. Differences up to 4 ‰ were measured in 

different tree tissues by Leavitt and Long (1986).  

 

Francey and Farquhar (1982) and Mazany et al. (1980) found tree ring variation 

changes (i.e. variation over time) from 0.5 to 1.5 ‰ between rings, likely due to 

source input differences. In addition, a number of studies discussed by Leavitt (2010) 

showed that the same species of tree at the same site had a δ13C variability ranging 

from 1 to 3 ‰ due to either microenvironmental factors (small differences in moisture, 

light and temperature) or genetic variation within a species.  

 

CO2 source input is still the major contributor to wood δ13C variability however. The 

steadily decreasing δ13C value due to anthropogenic input of depleted CO2 from the 

burning of fossil fuels (Rayner et al., 1999) is key to this variability. Seasonal trends 

are also recorded in atmospheric gases, particularly in the northern hemisphere due to 

increases in photosynthetic fractionation and increased anthropogenic input due to 

burning of fuels during winter (Randerson et al., 1999, Peters et al., 2007, NOAA).  

 

 
The oxygen and hydrogen isotopes fixed in cellulose and other molecules within 

plants have originated from the uptake of water from the soil (McCarroll and Loader, 

2004) and reflect, with some fractionation, the δ value of precipitation. Amongst 

others, Dawson and Ehleringher (1991) found that there is no net fractionation of 

either hydrogen or oxygen during water uptake by plants into the stem. In the same 

study, the maturity of the plant was also found to be a factor due to the depth that 

could be reached by the tree roots.  

 

After a precipitation event, the first site of oxygen and hydrogen fractionation is via 

soil evaporation. This affects the δ value of the water absorbed into the tree stem. 

Barnes and Allison (1983) found that a steady state for evaporation occurred up to a 

set depth. The same study also indicated that mixing from other sources such as 

degrading organic material, ground or stored water from previous precipitation events 

also contributed to differences in ground water oxygen and hydrogen values. 
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The water source utilised by trees is also an important consideration. Ehleringer and 

Dawson (1992) found that some trees living next to an easily accessible stream water 

source were instead using deeper ground water sources. Another study by Dawson 

(1993), showed that less mature plants, who were assumed to be utilising water from 

precipitation, were actually being helped by larger trees which drew water up from 

underground sources via a process called hydraulic lift. Similarly, Dawson (1998) 

showed that fog water run-off was used as an alternative water source to deeper water 

stores during the dry season in California resulting in different isotopic signals being 

recorded within the tissues of the trees than expected.   

 

In the tree, oxygen assimilation prior to cellulose production takes place in the leaf. 

Roden et al. (2000) puts forward a model for the fractionation of oxygen and 

hydrogen, based on two key fractionation events. The first is fractionation due to 

transpiration of water in the leaf through the stomates, leading to enrichment within 

the leaf space. Further fractionation occurs due to evaporation on the leaf surface 

creating a higher proportion of heavy isotopes outside of the leaf, which in turn are 

available for re-absorption into the leaf. Helliker and Ehleringher (2002) showed that 

the δ18O values of grasses grown in high humidity were different compared to the 

same grasses grown in lower humidity (up to 10 ‰). 

 

Included in this first fractionation event is the fractionation associated with sucrose 

synthesis. Using the models developed, Roden et al. (2000) predict that the non-

exchangeable H and O atoms in sucrose exported from the leaf will be -171 ‰ 

depleted and 27 ‰ enriched respectively compared to leaf water due to sugar 

synthesis.  

 

The second fractionation event (Roden et al., 2000) is based on further exchange of 

hydrogen and oxygen during cellulose synthesis into the intermediates hexose 

phosphate and triose phosphate. Farquhar (1998) predicted that during hexose 

formation 2 of the 10 oxygen atoms in a cellobiose unit are able to exchange. If the 

triose phosphate pathway is utilised then 6 out of 10 oxygen atoms are able to 

exchange (Hill et al., 1995). Results from Farquhar (1998), Hill et al. (1995) and 

Roden et al. (2000) indicate that somewhere between 35% and 50% of sucrose follows 
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the triose phosphate pathway however multiple cycles through the intermediate 

pathways are possible, increasing total observed fractionation. 

 

 
Isoscapes (or isotopic landscapes) are visual representations of the isotopic variations 

seen within environmental cycles (West et al., 2010). The most predominant use of 

isoscapes to date has been in mapping the variations of δD and δ18O in the 

hydrological cycle (Bowen in (West et al., 2010). Using the data collected by the 

Global Network for Isotopes in Precipitation (GNIP), maps have been published 

describing the movement and variation of precipitation on a whole earth scale 

(http://wateriso.eas.purdue.edu/waterisotopes/). This modelled data has been 

instrumental in understanding the changes and the isotopic behaviour of atmospheric 

vapour. As part of an ongoing project with the University of Purdue, www.isomap.org 

allows users to create isoscapes models and maps within specific spatial and temporal 

parameters (Bowen et al., 2014).   

 

Forensically, isoscapes have been produced or used for comparison with data from 

human provenancing studies (Valenzuela et al., 2011, Podlesak et al., 2012), milk 

(Chesson et al., 2010b), animal products (Chesson et al., 2011, Monahan et al., 2012), 

beeswax and honey (Chesson et al., 2010a) and marijuana (Hurley et al., 2010a, West 

et al., 2009a). Although very useful in comparing measured data, the isoscapes 

produced are still prediction models that are governed by the parameters set by the 

creator (West et al., 2010). For some locations that are not as well studied, the 

variability described in the hydrogen and oxygen isoscapes is significantly limited to 

prediction only and hence the accuracy and resolution is low.  

  

 
The prospect of using isotopes to learn more from the investigation of materials that 

have forensic applications is an enticing one. While modern analytical techniques are 

powerful in identifying what a substance is, the major limitation is comparing beyond 

chemical classification. IRMS is a tool that can be used to address this limitation and 
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the number and variation of studies being undertaken has increased dramatically in the 

last 5-10 years. 

 

In particular a large amount of work has been done into the comparison of illicit drugs, 

explosives and human provenancing. Comprehensive review articles by Benson et al. 

(2006), Carter et al. (2005), Daeid et al. (2010), Gentile et al. (2015) and the papers 

published by the Forensic Isotope Ratio Mass Spectrometry (FIRMS) network (e.g. 

Carter et al. (2009)) explore the isotope work conducted in support of a broad range of 

forensic evidence types. For this review, only forensic IRMS studies that include 

organic or plant based materials will be discussed.  

 

 
The majority of studies to date have centred on provenancing and comparison of illicit 

drug samples – in particular marijuana, cocaine and heroin. Marijuana is the only drug 

that is used in its natural form and little fractionation occurs between growing and 

seizure. Denton et al. (2001) measured the δ13C and δ15N of marijuana from Australia, 

Papua New Guinea and Thailand. Although the samples could not be geographically 

discriminated by their isotopic values, the study found that hydroponically grown 

plants were more depleted in δ13C than outdoor plants. The same depletion was 

observed for plants that were grown outdoors in high rainfall areas.  These findings 

were confirmed by West et al. (2009b).  

 

More recently, building on the work of Ehleringer et al. (1999), a large amount of 

work has been performed by Hurley et al. (Hurley et al., 2010a, Hurley et al., 2010b) 

to build and define a model for marijuana seized in the United States. Two models – 

based on either region of origin (δD values) or cultivation conditions (indoor, outdoor, 

shade) were developed and calibrated using 500 known samples. When tested using 

unknown samples, the model to predict region of origin was up to 67% correct while 

the model to predict cultivation conditions was up to 86% correct.  

 

Muccio et al. (2012) compared the analysis of marijuana samples in bulk with a 

compound specific analysis of cannabinol. Bulk measurements were observed to be 

more discriminating however the sample size in this experiment was small.  
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Derived from the Coca leaf, cocaine is a semi-synthetic drug. In investigating possible 

fractionation due to chemical processing, Casale et al. (2005) found that there was no 

fractionation of carbon and minimal fractionation (up to 1 ‰) for nitrogen isotopes. In 

a batch study, Galimov (2005) and Ihle and Schmidt (1996) found that processed 

cocaine samples has low variability. Galimov (2005) in particular measured 10 pure 

samples with standard deviations for δ13C and δ15N at 0.32 ‰ and 1.2 ‰ respectively, 

greatly reducing the potential of IRMS for geographically linking seized samples to 

coca growth locations.  

 

Ehleringer et al. (1999) detected a more distinct range for δ15N however, with four 

location samples varying by up to 7.1 ‰ and successfully built a model to predict the 

origin of samples (Ehleringer et al., 2000). This model correctly identified the source 

of 96% of the 200 samples measured in the study.  

 

Heroin and morphine are derivatives of the poppy plant. Since this is a chemical 

process, fractionation and recombination will occur between the natural material and 

the chemical used for processing. Meier-Augenstein (2010) discusses that this would 

result in the isotopic values of the heroin becoming a combination of the geographic 

region of growth and of the processing chemical (in this article acetic anhydride). 

Casale et al. (2005) measured fractionation in both δ13C and δ15N while a geographic 

study by Desage et al. (1991) found that the values of seized heroin were more 

uniform than expected given the geographic distance of some of the samples, 

suggesting that the fractionation caused by processing of the samples masked any 

differences due to growing conditions.  

 

Wooden match sticks studied by Farmer et al. (2005) showed a wide range of variation 

within the same brand – up to 2.5 ‰ for carbon. Of the 11 European brands of match 

measured, matches from a similar geographic region were indistinguishable however a 

sample from India could be differentiated. 

 

Further work on burnt matches by Farmer et al. (2009a) found that the isotopic values 

of the wood could still be measured using the internal unburnt portions of the match 

stick. No fractionation was detected between burnt and unburnt matches and the δ 
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value of these internal portions was unaffected by the presence of ignitable liquids or 

fire extinguishing materials.  

 

Daeid et al. (2011) investigated the use of IRMS to province un-dyed cotton and found 

that there was good discrimination and correlation to region of origin of the sample 

when measuring hydrogen and oxygen isotopes. For casework purposes, the use of 

IRMS would require larger sample sizes than those typically seen in fibre trace cases 

however.  

 

 
In a study published by van Es et al. (2009), European office papers were analysed by 

three techniques – X-Ray Fluorescence (XRF), Laser Ablation Inductively Coupled 

Mass Spectrometry (LA-ICP-MS) and IRMS. 25 brands of paper from 16 

manufacturers were collected and measured for carbon, oxygen and hydrogen isotopes 

using IRMS and a range of elements using XRF and LA-ICP-MS. One sheet from 

each ream was tested and using the IRMS results in isolation, 21 of the 25 samples 

could be discriminated. The author also recommended using IRMS in combination 

with (LA-ICP-MS) to achieve a higher discrimination power. This was the only 

published study prior to this research that focussed on the use of IRMS for the 

comparison of document papers.  

 

 
The objective of this research is to develop and validate the use of IRMS for the 

comparison of document papers in forensic casework. Given the cellulosic nature of 

paper, carbon and oxygen isotopes have been selected and the following structure will 

be utilised for both isotopes: 

• Method development, optimisation and validation to international standards; 

• Determination and establishment of a database of known sample values that are 

representative of the office paper market within Australia and New Zealand, to 

inform the overall variability expected; 
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• Determination of the isotopic homogeneity (inter-ream, intra-ream brand 

variability) of document papers to aid in interpretation of unknown casework 

samples; 

• A study to understand what is being isotopically measured in bulk paper samples 

through an examination of the effect of the paper production process on the 

source cellulose samples; and 

• Determination of the effect of a number of variables on the carbon isotopic 

ratios of paper including moisture, storage environment, age, handling, a number 

of forensic sampling techniques and printing processes. 

 

A preliminary study utilising a selection of background paper samples for hydrogen 

isotopes was also undertaken to inform future research into the use of IRMS for 

document papers.  

 

More generally, the values obtained for paper samples were compared against the 

work being done internationally on isoscapes to determine whether the results 

obtained are indicative of the origin of growth and production more broadly. This 

comparison will be undertaken with particular reference to the source material and 

production process examination results, to determine whether the bulk measured paper 

samples are able to be directly compared to isotope prediction maps.  

 

To sit alongside the results obtained using IRMS and to provide a more holistic 

approach to casework comparisons of paper, the following work was undertaken to 

ensure that IRMS sits within a structured examination protocol rather than on its own: 

• Examination of a sub-set of the background population samples to construct 

comparison standards for other examination techniques including grammage, 

apparent sheet density, light examination and TLC; 

• Evaluation of the discriminability of papers using the range of different 

techniques; 

• Construction of an examination, interpretation and reporting structure; and 

• Testing of the proposed structure through the use of a blind trial. 
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The key results of this chapter have been published in Jones et al. (2013c). The 

published article is included electronically within Appendix 5.   

 

 
 

A common problem faced by forensic document examiners is to compare documents 

in order to provide an expert opinion as to whether they could have originated from a 

common source. Most prior research in this discipline has centred on the chemical 

comparison of pen and printing inks. Where paper examination studies have taken 

place, they have tended to end at the proof of concept stage and have not focused on 

the application of the results to forensic casework. Clients of forensic science 

(investigators, the courts, the public) have an expectation that the results produced by 

laboratories are demonstrably fit for purpose and robust.  

 

Accreditation of Australian forensic laboratories is granted by the National 

Association of Testing Authorities (NATA) who assess laboratories against 

International Organisation for Standardisation (ISO) standard 17025 (2005) and the 

NATA Field Application Document (FAD) for forensic science laboratories (2015). 

Regarding method validation, the FAD sets out a number of broad issues that may be 

required to be examined during a study such as homogeneity, concentration and linear 

range. Further information on conducting method validation activities are included in a 

guide published by NATA (April 2009a), with a large number of other publications on 

the topic, including those published by ISO (1994) and EURACHEM (1998). 

 

For techniques that present a numerical value at their conclusion, international 

standards advise that an estimate of the measurement uncertainty of the method should 

be provided with the analytical measurement value to enable the customer or client to 

assess the precision of the results. The standard for producing this estimate is the 
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Guide to Expression of Uncertainty in Measurement (GUM), published by the Joint 

Committee for Guides in Metrology (2008).   

 

This chapter presents the method development and validation experiments undertaken 

for the measurement of the carbon isotope abundances of document papers using 

IRMS. For method development, key parameters such as sample size, linear range, 

number and placement of standards, and sample storage and handling have been 

tested. Method validation experiments aim to show that performance characteristics 

relating to precision, accuracy and repeatability are met. Finally, a value for 

measurement uncertainty was calculated based on the results of the experiments. The 

results demonstrate that the method is fit for purpose to analyse and report carbon 

measurements to assist in the discrimination or association of multiple document 

papers. 

 

 
 

 
Table 2.1 contains the international standards and their certified values used. These 

materials were purchased from the International Atomic Energy Agency (IAEA, 

Vienna).  

 

Certified Reference Material 
Name and Material Type 

δ13CVPDB Certified Value (‰) 

Mean Standard Deviation 

LSVEC - Lithium Carbonate -46.6 0.2 

NBS 19 - Limestone 1.95 None published 

IAEA-CH-7 - Polyethylene -32.151 0.050 

IAEA-CH-6 - Sucrose -10.449 0.033 

IAEA-CH-3 - Cellulose -24.724 0.033 

Table 2.1: International standard materials used in the method validation 
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Table 2.2 contains the chemically analogous materials used for the validation 

experiments, and for assessment as potential laboratory standard materials. These 

materials were purchased through Sigma Aldrich (Sydney, Australia).  

 

Material Name 
Sigma Aldrich Product 

Number 
Batch Number 

Microgranular cellulose  C6413 069K0082 

Medium fibre length cellulose C6288 039K6171 

Long fibre length cellulose  C6333 038K0055 

α- cellulose powder C8002 109K0114 

D + Glucose G8270 089K00603 

Mannose fibres from wood 112585 099K0054 

α- D- glucose 159968 MKBB8469 

Cellulose Acetate 180955 40198LJ 

Starch from Corn S4126 084K0009 

Starch from Wheat S5127 079K0309 

Sigma ultra cellulose S6790 099K1098 

α - Lactose Monohydrate L3625 099K1540 

  Table 2.2: Materials used in the carbon method validation experiments and for evaluation as 

laboratory standards 

 

A number of plain 80gsm papers were used in these experiments. These were chosen 

at random from a population of paper samples that were purchased from throughout 

the Canberra (ACT, Australia) region. 

 

All standards (international and laboratory) were stored in glass vials with teflon lined 

screw top lids (Sigma Aldrich) or the original packaging in a Perspex desiccator with 

self-indicating silica gel (LabServ, Biolab, Aukland, New Zealand). Paper samples 

were stored either in the ream or in a plastic sleeve in a laboratory environment. 

Unless otherwise specified, all sample measurements were performed in triplicate.  

 

Laboratory gases were purchased from Coregas (Canberra, Australia). All were 

analytical grade with purity higher than 99.99%. The gases used for this method 

validation were helium, carbon dioxide and oxygen.  
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A Genius ME5 (Sartorius, Goettingen, Germany) analytical balance was used to weigh 

the international standards sucrose and cellulose. After experimentation, the standard 

weight for analysis on the IRMS for these standards was set at a weight of 100μg ± 

20μg. Polyethylene and paper samples were prepared using a 1mm and a 1.2mm 

Harris Uni-core micro-punch (Proscitech, Queensland, Australia), respectively. 

Samples were placed into 3.3 x 4 mm tin capsules for solids (IVA-Analysentechnik, 

Dusseldorf, Germany) and stored in a Perspex desiccator with self-indicating orange 

silica gel until measurement.  

 

Individual samples were dropped into a FlashEATM 1112 elemental analyser using an 

AS300 auto sampler (Thermo Finnigan, Bremen, Germany). Combustion was in a 

quartz reactor packed with silvered cobaltous/cobaltic oxide and copper oxide held at 

900°C. An oxygen pulse at 250ml/min for 3 seconds was used to increase combustion 

efficiency and conversion of the sample to CO2. The gases were then passed through a 

reduction furnace of reduced copper at 680°C, before moving through a water trap of 

magnesium perchlorate.  

 

The internal packing materials for the combustion and reduction furnaces are shown in 

Figure 2.1. A packed GC column held at 45°C was used to separate analyte gases. A 

ConFlo III interface fed the analyte gas into a DELTAplus XP IRMS (Thermo 

Finnigan) instrument for carbon isotope ratio measurement, scaled against pulses of 

CO2 reference gas with a purity of 99.999%, set to a δ13C value of 0 ‰. The operating 

software for the Flash EA and IRMS instrument was Eager 300 Version 2.1 and Isodat 

2.0 respectively which was upgraded to Isodat 3.0 during the course of the 

experiments.  

 

When assessing the effects of other paper examination techniques such conditioning of 

the papers, a Binder KBF-115 environmental chamber (Crown Scientific, Sydney, 

Australia) was used to control temperature and humidity. 
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Figure 2.1: Internal packing materials used in the Flash EA 1112 for the measurement of carbon 

 

 
The delta values produced by the Isodat (IRMS control) software were exported into 

Microsoft® Excel. Instrument drift and scale normalization was undertaken using the 

procedures outlined in Chapter 1.6.  

 

 
Basic statistics, including calculation of the mean and standard deviation of sample 

measurements were undertaken using Microsoft® Excel.  

 

GraphPad Prism (version 5 for Windows or Mac, GraphPad Software, La Jolla 

California USA) was used for other statistical tests. This software was chosen for the 

inclusion of the Kruskal-Wallis non-parametric analysis of variance (ANOVA) test 

with Dunn’s post-hoc test. This test was used instead of a parametric ANOVA test as 

in other experiments some paper reams used were shown not to conform to a 

parametric curve, even when run in high sample numbers (i.e. where n⩾50 or more).  
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The following target performance characteristics were set for method development. 

The method parameters were varied to ensure that these targets were met at all stages 

of an experimental run and in successive experimental runs. The targets included: 

 

• Full sample peak elution with baseline separation from reference peaks 

(appropriate reference peak placement); 

• Matching of sample peak and reference peak heights by determining the 

most appropriate sample size and reference peak pressure; 

• Linearity of instrument response with increasing sample size for carbon 

(paper) sample peaks; 

• Precision of repeat measurements by ensuring that the most appropriate 

sample size is selected; and 

• Linearity of CO+ production (detected on mass 28) with increasing sample 

weight for each sample type measured (i.e. paper, cellulose and glucose). 

 

Cellulose, glucose and paper are hygroscopic materials and hence require water 

content to be controlled for accurate measurements to be able to be assured.  

 

Five papers and five laboratory working standard samples were selected to determine 

whether water absorption affected the measured δ values of the samples. All samples 

were measured on day 1 and day 16 (from the time of initial exposure). All samples 

were left exposed to atmosphere on a laboratory bench for the duration of the test.  

 

Following on from the absorption study, secondary tests were conducted to measure 

and evaluate the effect of altering the storage conditions of the samples on the carbon 

isotope abundances. In routine casework, it was expected that samples would be 

weighed and stored in desiccators until measured. To test the effect of this, three sets 

of samples were taken from five papers. One set was measured on the IRMS 

immediately (named: day one). The two other sets of samples were prepared and 
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placed in a Perspex desiccator for 15 days. Of these two sets, the sample capsules in 

the first set were crushed (named: desiccator closed), while the sample capsules of the 

second set were left open (named: desiccator open) until just prior to measurement to 

test whether closing the capsule allowed the samples to dry adequately.   

 

Included in the secondary tests were samples that had been treated according to the 

standard procedure used to prepare papers for measurement of grammage and density. 

This standard procedure, detailed in Australian Standard 1301.405s (2004), is used to 

remove any effects from the source of the paper by equilibrating the paper sheets’ 

water content. The paper sheets are placed in a humidity and temperature controlled 

chamber for 24 hours at 50% relative humidity and 25°C. The humidity of the 

chamber is then reduced to 25%, where the paper sheets are held for a further 48 

hours.  

 

To test the effect of this humidification procedure, the five sheets from which the day 

one and desiccator samples were taken were placed into the chamber and exposed to 

the humidity/temperature program. After this was completed, one set of samples was 

taken from the sheets and run immediately (named: humidity only). A second set of 

samples was taken, crushed and placed into a desiccator for 7 days (named: humidity 

+ desiccator).  

 

The results from these four different sample treatment and storage conditions were 

compared against each other and against the day one results. 

 

A number of experiments were undertaken to ensure that the structure of the analytical 

sequences maximized the accuracy of the results after correction. This included 

measuring the following variables:  

 

• Number of international standards – two end member pairs (polyethylene and 

sucrose) or three standards comprising the two end-member pairs plus one mid 

range value (cellulose). 

• Number of replicates of international standards – three, five or seven. 
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• Placement of international standards – start and end of the run or start, middle 

and end of the run. 

• Inclusion of blank tin capsules between samples.  

 

To determine the effects of changing these parameters, polyethylene (IAEA-CH-7) 

and sucrose (IAEA-CH-6) international standards were used to correct the measured 

values for two international standards (LSVEC and NBS 19) and three laboratory 

standard materials (medium cellulose, alpha glucose and cellulose acetate), run as 

unknown materials. Where the international standard cellulose (IAEA-CH-3) was not 

used as a factor in the experiment, it was included as an unknown sample.  

 

 

Carbon isotope abundances for international standards polyethylene (IAEA-CH-7) and 

sucrose (IAEA-CH-6) measured and corrected over a 24-month period were plotted to 

determine the range of variation expected over a period of time.  

 

International standard cellulose (IAEA-CH-3) was measured and plotted as an 

unknown sample in each analytical run over a 12-month period. The corrected values 

were plotted to determine their range and conformance to the published value and 

standard deviation.  

 

Medium cellulose, cellulose acetate and alpha glucose samples were run over a 24-

month period to assess whether the method produced accurate values over time.  

 

Three different laboratory staff of varying levels of experience prepared the same 

analytical run containing paper, cellulose, glucose and sucrose samples. Triplicates of 

each of the samples were prepared on different days and corrected against 
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international standards. All three runs were analysed on the IRMS and corrected by the 

author (named: Operator A, B and C).   

 

In addition, the same analytical sequence was prepared, run on the IRMS and 

corrected by a person familiar with IRMS operation but external to the project (named: 

Operator D).  

 

All four groups of results were compared to determine the robustness of the method to 

changes in sample preparation and operation of the instrument.  

 

The entire procedure, from preparation of international standards through to correction 

calculations was evaluated for potential sources of uncertainty. Following the method 

outlined in practical guides published by NATA (April 2009b) and the equations used 

in Benson et al (2006), the uncertainties associated with the method were separated 

into sources of method bias/accuracy and method precision. Overall these two types of 

uncertainty were combined to give an estimate of measurement uncertainty.  

The carbon method developed for paper was applied to two different materials that 

were distributed as part of the Forensic Isotope Ratio Mass Spectrometry (FIRMS) 

group trial (2010). Ten replicates of each sample were measured using the method and 

correction calculations described above.  

 

The results reported back to each laboratory included both a grand mean for the 

collated results from the 28 participating laboratories, in addition to a corrected mean, 

based on a Huber’s method of correction (2001), annotated to the H15 mean and H15 

standard deviation. Using these values and assigning a target standard deviation of 0.2 

‰, a z-score was calculated using the following formula (Brief, 2005): 
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The Z-score provided is an indication of a laboratories’ closeness to other participants’ 

measurement values.  A value within the range -2 to +2 is considered within a normal 

range of scores. 

 

 
 

Using the instrument parameters set out by Benson et al. (2010), full and consistent 

peak elution was achieved. CO2 reference peaks were placed at 20, 60 and 320 

seconds with the pressure set at approximately 0.6 bar to ensure a sample height of 

approximately 3000mV (compared to a baseline of between 4 and 10mV). The total 

run duration was 360 seconds. A typical chromatogram is shown in Figure 2.2. For the 

majority of sequences, drift correction was not required.  

 

 

 
Figure 2.2: Typical chromatogram for measurement of δ13C 
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A linearity experiment was conducted to determine whether a consistent instrument 

response was observed as sample size increased for three materials – medium cellulose, 

alpha glucose and cellulose acetate. This data is plotted in Figure 2.3, Figure 2.4 and 

Figure 2.5. Additionally, the δ13C values of each sample type were measured in a single 

sequence, corrected using international standards and plotted against the instrument 

response to determine whether there were any significant variations in the measurement 

result. This data is shown plotted in Figure 2.6, Figure 2.7 and Figure 2.8. All linearity 

experiment results are included in Appendix Table 14.1  
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Figure 2.3: Linear response for δ13C of medium fibre cellulose 

 

 
Figure 2.4: Linear response for δ13C of cellulose acetate 

 

  
Figure 2.5: Linear response for δ13C of alpha glucose 
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Figure 2.6: Linear range for δ13C of medium fibre cellulose 

 

 
Figure 2.7: Linear range for δ13C of cellulose acetate 

 

 
Figure 2.8: Linear range for δ13C of alpha glucose 
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The results of the linearity experiments show that instrument response is linear for 

increasing sample size and this is not of concern as long as sample size is normalized 

and controlled within an analytical sequence when measuring δ13C of cellulosic 

materials.  

 

When sample size was plotted against the measured δ13C value, a minimum critical 

value was detected at 75μg of sample. This was consistent between the three sample 

types measured. Beyond 75μg, up to the maximum size tested (200μg), the δ13C values 

were stable and comparable. Using the largest standard deviation for each of the 

measured values between 75 and 100μg for discrimination, only one value at 75μg 

would be discriminated from the other values (medium fibre cellulose sample type). 

This indicates that sample sizes of 100μg and above are fit for purpose with respect to 

stable measurements and comparable peak heights, with the required sample size 

determined by scaling against the desired reference gas peak height.  

 

One known issue with the measurement of carbon isotopes in samples with high 

carbon content is the production of CO in the combustion reactor, which is 

subsequently ionized to CO+ in the source. This isobaric interference produces 

molecules that elute a peak at the same time as CO2, with a mass of 28 (the same mass 

as measured during nitrogen isotope measurement) (Platzner et al., 1997). While this 

is of primary concern during nitrogen measurement due to peak interference, it is still 

of concern with respect to CO2 measurement due to loss of sample. It is important to 

monitor therefore, to ensure that the principle of identical treatment still applies to 

samples that may have slightly different sample weights.  

 

Given that sample loss is of concern, evaluation focussed on determining whether 

CO+ production was linear as a proportion of increasing sample size. Figure 2.9 shows 

the linear instrument response for the CO+ ions produced from cellulose, glucose and 

paper. For the three sample types, the R2 values of the lines of best fit were 0.997, 

0.997 and 0.998 respectively. These results show that the production of CO+ for each 

sample type is linear and that the combustion conditions being used are consistent, 

producing isobaric CO+ in a proportion relative to the sample size.  
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Figure 2.9: Linearity of CO+ production (measured on mass 28) for paper, cellulose acetate and alpha glucose samples. 

Note: mass 29 was proportional for all materials measured.  
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The mean δ13C and standard deviation for day 1 and day 16 for each sample type have 

been plotted in Figure 2.10. The data used to produce this plot is detailed in Table 14.2. 

 

 

 
 

Figure 2.10: Day 1 (blue/diamond) vs. Day 16 (red/square) δ13CVPDB values for samples left exposed 

to laboratory atmosphere. Error bars are not included as they are minimal at this scale.  

 

 

The day 1 standard deviation values indicate some issues with the precision of the 

instrument on this particular day. Due to this, the standard deviation results presented 

in the difference column in Table 14.2 should be used with caution. The corrected 

mean values are still comparable to the day 16 values however a number of 

measurements were excluded as outliers due to this imprecision.  

 

Due to the exclusion of some measurement results, a number of samples contained 

only two usable measurements, too few to undertake the Kruskal-Wallis test. Instead, 

an unpaired t-test was used to give an indication of whether the mean values are 
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significantly different between day 1 and day 16. Whilst this is not ideal, the statistical 

results provide an indication of any differences, which can be weighed against the 

actual values and graphical results shown.  

 

Significant differences (to 95% confidence level) were observed in the following 

samples: 

 

• Paper 1 (p value= 0.03) 

• Paper 2 (p-value= 0.006) 

• Paper 5 (p-value= 0.0185) 

• Mannose (p-value= <0.0001) 

 

These results suggest that there is some effect on the measured δ13C values of the 

samples after exposure to the laboratory atmosphere, where moisture is not controlled. 

The laboratory atmosphere where these samples were left is notoriously inconsistent 

and prone to large fluctuations in both temperature and humidity.  

 

Mannose (a type of cellulose) was found to be so hygroscopic that it completely 

liquefied in the presence of moisture over a period of time greater than 16 days (faster 

if the level of humidity was higher) so these results were not unexpected for this 

material. The paper results were surprising however, as even those samples that did 

not change to a statistically significant level, did experience some change over the 16-

day period. 

 

As bonded cellulose is stable, the change observed in the paper samples when exposed 

to the atmosphere is likely caused by the absorption of water into the paper which had 

an effect on the chemistry of the calcium carbonate filler material. Once absorbed, the 

water promotes further uptake of atmospheric gases and degradation of the calcium 

carbonate to form carbonic acid. With further uptake/exposure to water, the carbonic 

acid forms and releases gaseous carbon dioxide (Al-Hosney and Grassian, 2005).  The 

magnitude of this release would be affected by the natural hygroscopicity of the paper, 

imparted by the humidity of the location that the paper was made. For papers with a 
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greater tendency to absorb water, the effect would be larger and more carbon dioxide 

would be released.  

 

Isotopically, it is predicted that these papers would become more depleted (i.e. 

heavier) as the reaction would favour the lighter isotope. This is clearly observed in 

the isotopic abundance values of the paper samples, with little to no effect from 

atmospheric moisture seen on the cellulose and glucose standard materials.   

 

 
The mean and the standard deviation for each condition and sample are plotted in 

Figure 2.11. The data used to produce this plot is shown in Table 2.3. 
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Figure 2.11: Mean δ13CV-PDB(‰) paper sample values for different treatment and storage 

procedures 

 

Table 2.3: δ13CVPDB(‰) results for varying sample handling/storage conditions

Brand   
δ13C Day 

One (‰) 

δ13C 

Desiccator 

closed (‰) 

δ13C 

Desiccator 

open (‰) 

δ13C 

Humidity 

only (‰) 

δ13C 

Humidity + 

desiccator 

(‰) 

Lazer IT 

  

Mean  -26.88 -26.96 -27.10 -26.93 -27.02 

St Dev 0.14 0.11 0.00 0.08 0.10 

Paper One 

  

Mean -28.21 -28.20 -28.12 -28.35 -28.30 

St Dev 0.01 0.03 0.09 0.00 0.03 

Fuji Xerox 

  

Mean -23.48 -23.44 -23.59 -23.62 -23.58

St Dev 0.13 0.05 0.05 0.03 0.05 

Office Max 

  

Mean -25.41 -25.47 -25.39 -25.36 -25.50 

St Dev 0.05 0.06 0.02 0.00 0.13 

Reflex 

  

Mean -23.55 -23.49 -23.59 -23.57 -23.66 

St Dev 0.07 0.07 0.12 0.06 0.07 



 
Carbon Method Development and Validation 

 71 

 

From the corrected sample values and the graph of the mean values, there appear to be 

no trends to be observed in terms of consistent effects on the samples.  

 

The Kruskal-Wallis test followed by Dunn’s post hoc test was used to determine if 

there were any significant differences (at the 95% confidence level) between the 

sample storage/handling methods. Significant differences were observed within the 

Paper One sample set (p = 0.047), but were not able to be attributed to one sample 

handling method using Dunn’s post hoc test.  

 

Overall, there was no significant effect observed in the results obtained from these 

tests. As long as the principle of identical treatment is applied to samples within the 

same analytical run, and that exposure to moisture is reduced where possible, the 

results can be considered to be stable for comparison.  

 

 

Statistically, using a paired t-test, there were no significant differences observed 

between using two or three international standards to correct the values of the samples. 

The slope of the calibration line did not change, and its position was only slightly 

affected with a shift in the intercept of the line. The largest shift in the position of the 

intercept was by 0.07, however even this difference was not large enough to shift the 

corrected values of the samples, particularly given that the reported values are limited 

to being expressed to four significant figures. The results of this experiment are shown 

in Table 2.4. 

 

When the sample data were corrected using three, five or seven replicates of the 

international standards polyethylene and sucrose placed at the start and the end of the 

analytical run, differences were detected between the mean values and the standard 

deviations. A summary of the corrected data is shown in Table 2.4. 
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The Kruskal-Wallis ANOVA test with Dunn’s post hoc test was performed using 

GraphPad Prism. The standard materials in Table 2.4 were tested for differences 

between the results corrected using different numbers of replicates of international 

standards. The experimental work for these tests was undertaken over consecutive 

days to reduce any potential instrument effects that may have been generated by 

changing the Flash EA packing materials. The results for NBS-19 and LSVEC were 

suspected to pose problems as both samples are carbonates and hence are not matrix 

matched to the method being validated.   

 

The alpha glucose sample corrected using three replicate international standards was 

found to be significantly different to the seven repeat correction group at the 95% 

confidence level. The p-value for alpha glucose was 0.039, which is between the 95% 

and 99% confidence levels. No significant difference was detected for the remainder 

of the samples corrected. 

 

These results indicate that there is no benefit to running higher numbers (>3 replicates) 

of international standards at the start and the end of the experimental runs, for the 

purposes of scale normalisation. It becomes difficult, however, to ensure the quality of 

the calibration performed when one or more of the international standard samples is 

excluded during correction using Grubbs test. Meier-Augenstein (2010) recommends 

that any sample, standard or control that will undergo calculation of likelihood ratio’s, 

as originally outlined in Evett et al. (2000), should be run in even numbered multiples. 

It makes sense therefore to run the international standards at the start and end of each 

run in replicates of five, to allow for flexibility, both in the exclusion of outliers and 

for calculation of likelihood ratio’s.  
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Table 2.4: δ13CVPDB (‰) results for varying international standard number and replicate 
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A third set of the same international standards (polyethylene and sucrose) were placed 

in the centre of an analytical run to determine if this increased the accuracy and 

precision of the calibration of the unknown samples. The same experimental run was 

used (to reduce instrument effects) and was corrected twice – the first using only the 

two sets of standards at the start and the end of the run, and the second using all three 

sets of standards – at the start, middle and end of the sequence.  

 

The results in Table 2.5 show that there is an effect on the accuracy of the correction 

of the samples but that there is no effect on the precision i.e. even though the sample 

values are shifting slightly, the standard deviation values are not.  The magnitude of 

the difference with respect to the accuracy is small however and when weighed against 

the practicalities of including a third set of standards, the difference is not significant 

enough to warrant increasing a run sequence by a minimum of 16 samples (10 

standards and 6 blanks) at the expense of running unknowns. 

 

 
Two Sets  Three Sets  

 
δ13C Mean (‰) St Dev (‰) δ13C Mean (‰) St Dev (‰) 

Int Cellulose -24.43 0.06 -24.48 0.06 

Cellulose Acetate -31.87 0.16 -31.96 0.16 

Alpha Glucose -10.91 0.14 -10.92 0.14 

Correction Factors 

M value 1.0155 1.0196 

B value -10.43 -10.433 

Table 2.5: δ13CVPDB (‰) values of samples corrected using two or three sets of international 

standards. 
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Blank capsules were removed from between all of the standards and samples within a 

run sequence and the results compared to a prior sequence.  

 

Noticeable effects on the sample measurements were detected when moving from a 

low δ13C value (e.g. international standard polyethylene = -32.15 ‰) to a high δ13C 

value (e.g. international standard sucrose = -10.45 ‰). This commonly resulted in the 

first and second replicate being lost due to memory effect and being disregarded as an 

outlier.  

 

To combat this, pairs of blank capsules were placed between the two international 

standards in both sets of standards (at the start and the end of the analytical run). This 

resulted in reducing the memory effect observed and the first measurement values 

could more readily be used instead of automatically being excluded as outliers. 

 

Where unknown sample values are expected to change (e.g. when measuring two 

different materials in the same sequence), a pair of blank capsules should be inserted 

between the samples. The use of blank capsules was observed to be of benefit when 

the unknown samples were expected to be within close proximity to one another 

(within approximately 10 ‰). This means that for an analytical sequence consisting 

only of paper samples, no blanks are required between the unknown samples. If an 

analytical sequence contains both paper and glucose/sucrose samples however, a pair 

of blanks should be inserted between the different material types. 

 

During this set of experiments it became apparent that it was difficult to know when 

an experimental run was fit for use. It is recommended that either: 

 

• The international standard IAEA-CH-3 be included within the sequence as an 

unknown to check the accuracy of the instrument and scale normalisation applied; 

or 

• A suitable laboratory standard material is calibrated for use as an unknown to 

check against a laboratory defined consensus value.  
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Overall, the quality control check should be matrix matched to the target sample and 

should lie close to the expected value of the other unknown samples i.e. cellulose for 

cellulose or paper samples, a glucose for sugars.  

 

 
 

 
Mean corrected measurements for the polyethylene and sucrose international standards 

are shown in Figure 2.12 and Figure 2.13. The mean value (solid line) and 2 x 

standard deviations (dashed lines) are represented on each plot, with 2 x the standard 

deviation the 95% confidence interval for each standard. Any values considered 

outliers within the original analytical run were excluded. Table 2.6 is a summary of the 

individual measurements, mean, standard deviation, 95% confidence interval (95% CI) 

and number of measurements relating to the data represented for these standards.  

 

 

 
Figure 2.12: Plot of corrected measurements of international standard polyethylene over a 24-

month period. 
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Figure 2.13: Plot of corrected measurements of international standard sucrose over a 24-month 

period.  

 

 

  δ13C 
Mean (‰) 

1 x St Dev 
(‰) 

95% CI 
(‰) 

Number 
Samples 

δ13C Published 
Value (‰) 

Published St 
Dev (‰) 

Polyethylene -32.15 0.15 0.30 517 -32.15 0.05 

Sucrose -10.45 0.16 0.32 488 -10.45 0.03 

Cellulose -24.69 0.12 0.24 129 -24.72 0.04 

Table 2.6: Summary of the analytical results obtained for three international standard materials. 

 

 

It is important to note with this data that routine maintenance (changing of packing 

materials, gas tanks and drying agents) and servicing of the IRMS was conducted on 

numerous occasions during this period. The polyethylene and sucrose measurements 

here show no issues with precision and the values are stable over time. The corrected 

mean values are comparable to the published values overall. The standard deviations 

are close to or below the published expected precision of measurement of 0.15 ‰ for 

carbon measurements (Brand, 1996).  
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The international standard cellulose IAEA-CH-3 was used as a quality control 

standard within analytical runs. The corrected measurements for international standard 

cellulose as measured over a 12-month period are shown in Figure 2.14. The mean 

value (solid line) and the 95% confidence interval (dashed lines) are included on the 

plot. Table 2.6 summarizes the individual measurements, mean, standard deviation, 

95% confidence interval (95% CI) and number of measurements relating to the data 

represented for cellulose.

 

 
Figure 2.14: Plot of corrected measurements of international standard cellulose over a 24-month 

period. 

 

 
Three materials being considered for development as laboratory/working standard 

materials – cellulose acetate, medium fibre cellulose and alpha glucose – were 

measured over 18 months and plotted to determine the accuracy of the method in 

producing comparable results over time. Figure 2.15, Figure 2.16 and Figure 2.17 

show the mean measurement for each run, with the error bars denoting the 95% 

confidence interval (2 x standard deviations) for that sample set. Table 2.7 summarizes 
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this data.  Overall, each material was found to have a standard deviation less that 0.15 

‰ which is less than the error of the instrument for carbon measurements (0.2 ‰). 

 

  
Figure 2.15: Accuracy results for Medium Cellulose

 

 
Figure 2.16: Accuracy results for Cellulose Acetate 
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Figure 2.17: Accuracy results for Alpha Glucose 

 

 

  δ13C Mean (‰) St Dev (‰) 95% CI (‰) 
Number of 

Samples 

Medium Cellulose -26.82 0.09 0.19 63 

Alpha Glucose -11.15 0.14 0.28 94 

Cellulose Acetate -32.06 0.12 0.23 99 

Table 2.7: Summarized results from accuracy experiments of cellulose acetate, medium cellulose 

and alpha glucose. 

 

 
Operators A, B and C are different operators who prepared replicates of the same 

sequence of samples. Operator D is where operator C has prepared, run and corrected 

an additional set of the same samples. The mean results have been plotted in Figure 

2.18. Figure 2.8 summarizes these results.  
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Figure 2.18: Mean δ13CVPDB (‰) values obtained for samples prepared and run by three different 

operators.

 

 
 Operator A  Operator B  Operator C  Operator D  

International 

Cellulose 

δ13C Mean (‰) -24.59 -24.55 -24.61 -24.47 

St Dev (‰) 0.13 0.28 0.14 0.16 

Cellulose 

Acetate 

δ13C Mean (‰) -31.9 -32.2 -32.05 -32.04 

St Dev (‰) 0.02 0.07 0.08 0.07 

Alpha 

Glucose 

δ13C Mean (‰) -11.05 -11.05 -11.20 -11.33 

St Dev (‰) 0.02 0.04 0.16 0.36 

Medium 

Cellulose 

δ13C Mean (‰) -26.54 -26.93 -26.8 -26.76 

St Dev (‰) 0.07 0.11 0.01 0.07 

Paper 
δ13C Mean (‰) -27.48 -27.61 -27.56 -27.61 

St Dev (‰) 0.08 0.06 0.01 0.1 

ANU Sucrose 
δ13C Mean (‰) -11.42 -11.50 -11.48 -11.59 

St Dev (‰) 0.04 0.04 0.13 0.16 

Table 2.8: Mean δ13CVPDB (‰) and standard deviation for samples prepared by 3 different 

operators 
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The measurement results shows that while all four analytical runs produced 

comparable results for each measurement, small differences were observed between 

the standard deviations of the measurement results. The plotted results in Figure 2.18 

indicate that the differences observed were not consistent across all sample types 

however, suggesting that the differences are due to the natural range of the material or 

the instrument rather than a methodology or sampling error. 

 

The Kruskal-Wallis test for the comparison of the medians of non-parametric 

populations was performed on these values to identify whether the differences 

observed between the samples prepared by different operators were significant. 

Dunn’s post hoc test was used to identify which groups were causing the differences. 

A non-parametric test was utilised as paper was included as an unknown material in 

these experiments.   

 

Significant differences (to 95% confidence level) were observed between: 

• Operators A and B for the Cellulose Acetate samples (actual difference of 0.3 ‰) 

• Operators A and B for the Medium Cellulose samples (actual difference 0.39 ‰) 

 

The actual difference in the δ13C values for these two samples could be accounted for 

in the natural variation of the materials, the measurement uncertainty associated with 

the method or due to some instrumental difference. The last of these options is the 

more likely given that the instrument is known to be quite variable when technical 

issues arise. Although statistically these values are different, with regard to the 

measurement uncertainty of the technique, these differences are not large and are not 

indicative of a systemic issue with the method.   

 

 
The expanded uncertainty for the measurement of carbon isotope ratios was calculated 

using the Guide to Expressing Uncertainty in Measurement (GUM) approach (NMI, 

2011), technical guidelines produced by NATA (National Association of Testing 

Authorities, April 2009b) and the equations outlined in Benson et al (Benson et al., 

2010) .  
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Using the precision experiments conducted on the potential laboratory standards 

medium cellulose and cellulose acetate, the expanded uncertainty for the measurement 

of carbon isotope ratios in cellulose was determined to be 0.26 ‰ (with a coverage 

factor of 2). The bias (calculated using the precision results for international cellulose) 

was found to be insignificant.  

 

Likewise, using the precision experiments conducted on alpha glucose, the expanded 

uncertainty for the measurement of carbon isotope ratios in glucose was determined to 

be 0.3 ‰ (with a coverage factor of 2).  

 

 
The 2010 Forensic Isotope Ratio Mass Spectrometry (FIRMS) group trial was 

undertaken using the experimental method and correction calculations described. Two 

types of samples were measured and run and the δ13C values for 10 replicates of each 

sample were reported to be included as part of this trial.  

 

For the two materials measured (Glycine and 4-Nitroacetanilide), the z-scores received 

were within the 2.0 value pass mark, showing that this method produces results that 

are in consensus with other laboratories.   

 

 
 

Full method validation for δ13C to international standards was achieved. The overall 

measurement uncertainty was calculated to be approximately 0.26 ‰ (with a coverage 

factor of 2). All performance characteristics including precision, accuracy, 

repeatability and robustness were within the 0.26 ‰ expanded measurement 

uncertainty range.  

 

Control of atmosphere/water content was shown to be required for paper samples, 

even for carbon isotopes, which are generally assumed to be free from water 

absorption effects.  
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The key results of this chapter have been published in Jones et al. (2013a). The 

published article is included electronically within Appendix 5.  

 

 
 

Theoretically, measuring two chemically identical materials and comparing their 

isotopic values for similarities or differences is a relatively straightforward task. 

However, a number of questions are raised when it comes to the interpretation phase 

of this task. These questions are generally related to the variability of the material 

itself and relating those properties to form a procedure for when it is appropriate to say 

that a material has originated from a different source. For chemically homogenous 

materials (e.g. chemically manufactured polymers such as polyethylene) the 

inhomogeneity of a material from the same source may be lower than the instrumental 

uncertainty. For naturally derived materials such as paper however, little work has 

been done with respect to the expected range of variation from material being 

produced within the same source. While ecological studies, such as those discussed in 

Chapter 1, are useful as a basis, it cannot be assumed that the same variability would 

apply to papers due to the significant chemical and physical processing required to 

produce papers.   

 

Likewise, while there are some challenges with respect to being able to claim that two 

samples have originated from different sources, there is a greater challenge and need 

for data to support any examination finding that claims that two samples may have 

originated from the same source. Firstly, there is a need to determine what the word 

‘source’ actually means for a material – does it relate to a singular package, a batch or 

a certain period of time? Does source relate to that one particular production source 

(manufacturing facility) or does it refer to the brand, since it could be reasonably 

assumed that the same starter materials and production processes are likely to be used 
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by a company with more than one paper making facility. Secondly, is it possible to 

make judgements about the similarity of a material and are the isotopic abundance 

values individual enough to be able to make a distinction between a particular source 

and all other sources on the market? 

 

This chapter aims to build a background population of the carbon isotopes of 

document papers purchased in the Australian and New Zealand market. To answer a 

number of the questions posed above, this chapter will also examine the homogeneity 

of white A4 80gsm papers as a material – from within and between sources. The 

information gained from these experiments can be used to inform the comparison and 

opinion formulation process. 

 

 
 

The instrumentation, equipment and method used to measure and correct the carbon 

isotopic abundance values in this chapter are outlined in Chapter 2.  

 

Statistical tests were undertaken using Microsoft Excel® and GraphPad Prism version 

5. When assessing whether differences were being observed, the Kruskal-Wallis Non-

Parametric Analysis Of Variance (ANOVA) followed by a Dunn’s Multiple 

Comparison Post-Hoc test was used. A non-parametric test was selected as some 

papers were observed to be non-parametric, even when measured in large number of 

replicates (n=50) and hence normality could not be assumed for these samples.  

 

To determine the discrimination power (Smalldon and Moffat, 1973), defined as the 

number of discriminated pairs/total number of pairs of the measured δ13C values, 

Microsoft® Excel was used to perform 7750 pairwise comparisons of the 125 population 

samples. The benchmark value used for discrimination was determined using the 

homogeneity experiments below and a “COUNTIF” formula was used to determine if 

there was a difference between the two measured values.  
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For the purposes of the background population, all paper samples purchased and 

measured were marketed as white A4 80gsm office papers. Each of the reams 

consisted of 500 sheets excluding one brand that contained only 250 sheets. For this 

brand, two reams with the same date stamp were utilised to ensure sampling 

consistency. 82 reams of paper were collected from common commercial outlets in the 

Australian Capital Territory and Queensland, Australia over a period of 24 months. 

These consisted of 38 different brands of papers. In addition, 43 paper samples were 

collected from printers across Australia and New Zealand, representing an additional 8 

unique brands to the ones previously collected. In total, 125 individual paper samples 

were measured. All of these samples were marketed as virgin pulp, or did not state that 

they contained any recycled fibre content.  

 

It is important to note that there is only one manufacturer of white A4 80gsm office 

paper in Australia and that any paper that has been produced nationally originates 

from the same mill (Australian Paper, Maryvale VIC). This mill however, does 

produce different grades of paper that vary in fibre and filler composition. All virgin 

paper samples, their countries of origin and packaging date (where known) are 

detailed in Table 14.3.  

 

As a preliminarily comparison, 7 reams of recycled paper produced in Australia were 

measured to compare their δ13C values against the Australian virgin paper background 

samples. 5 samples were marketed as containing 10% recycled pulp content while the 

other 2 samples contained 50% recycled, post consumer waste pulp. These papers are 

detailed in Table 3.2.  

 

For homogeneity testing, 7 brands of paper that varied in their production location were 

selected for testing. 8 reams were purchased from each brand, with care taken to ensure 

that at least 7 reams from each brand were purchased at the same time/location and if 

possible, containing the same production markings. The brands selected for testing are 

detailed in Table 3.1. 
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Brand Name Country of Origin 

Reflex Australia 

Olympic Australia 

Officemax Sth Africa/China 

Docucopy China 

Fuji Xerox China 

Lazer IT Indonesia 

Double A Thailand 

Table 3.1: Brand and origin of paper samples used for homogeneity studies. 

 

To test the homogeneity of the reams, two experiments were conducted with different 

sampling methods used for each. In the first experiment, one ream from each brand was 

taken and sampled in the following ways (with ‘one location’ denoting replicate samples 

taken from the same physical area and ‘random location’ denoting replicate samples 

taken from across the sheet of paper): 

 

• 3 samples from one page, in one location 

• 3 samples from one page, in random locations 

• 7 samples from one page, in one location 

• 7 samples from one page, in random locations 

• 7 samples, one each from 7 different pages 

• 25 samples, one each from 25 different pages (representing 5% of the 

ream) 

 

This protocol was utilised so that in total over 5% of the ream was measured. In 

addition, sampling in this manner allowed comparison of the variance that may have 

been contributed by the sampling method itself, so that the most appropriate method for 

both reams and single sheets could be identified for practical application in casework 

situations.  

 

In the second round of homogeneity testing, 7 reams from the 7 brands in Table 3.1 were 

sampled by taking 7 pages, manually selected at random, from throughout each of the 

reams. From these reams, one sample per page was taken. The decision to collect 7 
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samples to characterize each individual ream was informed by the results from the first 

round of homogeneity testing.  

 

As an additional test, homogeneity within the same brand over time was tested using the 

paper background population samples. Two brands – Reflex and Double A, were 

collected over a 24-month period and compared to determine the difference in δ13C over 

time. These brands were selected for this comparison, as they were the only two brands 

that consistently labelled their reams with the packing date. This gave a clearer 

indication of the time that the paper was produced rather than just using the collection 

date to infer production date. For comparison, 8 groups from both the Reflex and the 

Double A samples detailed in Table 14.3 were compared using the Kruskal-Wallis 

ANOVA with Dunn’s post-hoc test.  

 

 
 

For the 125 virgin paper samples measured, the range of δ13C was between -22.5 ‰ and 

30 ‰. This range is shown in Figure 3.1, with measured δ13C mean and standard 

deviation values summarised in Table 14.3. When organised by their region of 

production (obtained from the ream packaging), Figure 3.1 shows that there is a 

relationship between the δ13C and the papers’ region of production.  
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Figure 3.1: Mean δ13CVPBD (‰) values of 125 virgin pulp papers plotted by region of origin 
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Figure 3.2: Summary of mean δ13CVPBD (‰) for region of origin of papers, with error bars denoting 

1 x standard deviation 

 

 

When organised by region of production, as shown in Figure 3.1, it becomes clear that 

the δ13C value of the paper is likely to be due to the selection of species and growing 

region for the source cellulose material used in production. In particular, papers that 

have originated from Australia are consistently found within the -23 ‰ to -24 ‰ 

range, with only 3 samples falling outside of this. Papers that have been produced in 

China are also consistently observed within this range and this is due to Australia 

supplying wood chips of the same species and from the same growing location for 

China’s paper industry. (http://www.macquarie.com.au/dafiles/Internet/mgl/au/

advisers/campaign /static-file/independent-expert-report.pdf) 

 
 

The papers that have been produced in Thailand are similarly consistent in their δ13C 

value, with all but 3 values measured in the -27 ‰ to -29 ‰ range. Indonesian papers 

by comparison are not as consistent and have a larger range between -26 ‰ to -30 ‰, 

with 3 samples measured outside of this range. The wider range may be due to the use 

of mixed wood sources, including the use of straws and tropical hardwoods rather than 

the use of relatively clean paper pulps used in other countries.  

 

The samples measured here are representative of the Australian market and if 

examined in that context, it could be claimed that the δ13C measured is indicative of the 
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region of production of the paper. More widely however, it would be unreasonable to 

assume that the regions defined here would be unique internationally. The region 

specificity observed in this study however, could be used for intelligence purposes as 

long as the assumption that the paper has originated from the Australian market is 

stated as part of the information provided. A broader background study to determine 

the true international variability of office paper would have to be undertaken to define 

background variability and the uniqueness of the growing regions here to remove this 

caveat.  

 

The δ13C of 7 samples of recycled paper produced in Australia were measured to 

compare against the virgin paper samples. Their mean and standard deviation values 

are detailed in Table 3.2. Given their low recycled content, papers with 10% recycled 

content were expected to be closer to the range of virgin pulp Australian papers (-23 

‰ to -24 ‰) than the 50% recycled content papers.  

 

Overall, four of the 10% recycled content samples and one 50% recycled content 

sample were found to lie within the expected range of values for Australian samples. 

The two other samples were measured only 0.25 ‰ and 0.14 ‰ outside of the range 

for the other 10% and 50% recycled content samples respectively. Although further 

work to characterize recycled papers is required before forensic casework 

implementation, these preliminary results show comparison of recycled papers is still 

possible, with the measured values showing that there is no substantial increase in the 

standard deviation (and hence variability) observed. This means that recycled fibre 

content may not contribute as much of an effect on the δ13C values of the samples than 

first hypothesized, particularly when the recycled content percentage is low.  
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Brand Name 
Published % Recycled 

Content  

Mean δ13CVPDB  

(‰) 

Standard 

Deviation (‰) 

Australian 10% -24.25 0.05 

Australian 10% -23.66 0.08 

Australian 10% -23.40 0.07 

Australian 10% -23.82 0.19 

Australian 10% -23.40 0.05 

EXPGreen50 50% -23.76 0.21 

Reflex Recycled 50% -24.14 0.03 

Table 3.2: Recycled papers, mean δ13CVPDB and standard deviation for 7 recycled papers collected 

as samples for comparison to virgin paper background samples 

 

Australian papers within the background population were plotted to observe whether 

there were any trends in the δ13C values over time. These differences may have been 

due to seasonality (growing seasons), manufacturing changes or source changes. 

Figure 3.3 shows that there are no repeatable observable patterns in the data and hence 

changes due to season of production cannot be claimed. There are some observable 

differences that may be due to source changes however. These samples in this time 

period (around sample numbers 10-20) were collected in the first half of 2010.  

 

 
 

Figure 3.3: Australian papers plotted over time, according to ream packaging date (earliest to latest 

date). 
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The mean and standard deviation results for the paper homogeneity measurements taken 

within a single ream are detailed in Table 3.3. The sample names have been abbreviated 

where S = sample, P = page and L = location.    

 

These homogeneity results showed that there are differences in the standard deviation 

values when between brands of paper. Figure 3.4 shows a plot of the mean values for 

each of the reams tested b each of the sampling methods. Even though there is 

variability, each of the reams produced reproducible results that sit within a tight range 

for each sample type.  
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Table 3.3: Measured δ13CVPDB (‰) abundances from single ream homogeneity testing 
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Figure 3.4: Mean δ13CVPDB (‰) values for seven different brands measured during homogeneity and sampling tests 
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For discrimination, it is recommended that 95% confidence interval results from the 

single ream homogeneity studies be used first to inform the range of values that a sample 

could potentially fall within when deciding whether two samples can or cannot be 

differentiated. Additionally, a stronger level of discrimination can be called using a 

standardised benchmark/ discrimination value instead of a 95% confidence interval of 

the paper sample measured, to prevent the false exclusion of samples that have 

originated from the same source. The homogeneity results from the single and multiple 

ream studies   

 

Excluding cases where questions are asked about two halves of a single sheet, forensic 

casework will generally be related to either a partial ream or stack of paper being 

compared to one or more single sheets, or to page substitutions in multiple page 

documents. Taking the Fuji Xerox data in Table 3.3 as an example, if we were to 

compare the single sheet 3S_1P_1L value (-23.77 ± 0.03 ‰) to the seven page stack 

7S_7P value (-23.54 ± 0.07 ‰), using a 95% confidence interval defined by the standard 

deviation of either of these measurements, we would incorrectly discriminate them as 

having originated from a different source (difference = 0.23 ‰). This is highlighted 

visually in Figure 3.5, which also demonstrates that this not be the only comparison pair 

from this ream that would be discriminated.  

 

To overcome this, it is proposed that an experimentally defined 

benchmark/discrimination value be used. This would be selected based on the natural 

variation (and inherent inhomogeneity) of paper, and would lead to a more robust 

decision point for discrimination and a higher confidence in the results being reported. 
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Figure 3.5: Boxplot of Fuji Xerox δ13CVPDB results taken from a single ream. Error bars shown 

represent 95% range for discrimination. 

 

 

To set a benchmark/discrimination value from the data Table 3.3, a 95% confidence 

interval of the largest range measured in one ream is proposed – in this case 0.55 ‰ (or 

a range of 1 ‰ in total). Figure 3.6 is a plot of the standard deviations measured for 

each different sampling test. A standard deviation for the grand mean is also included 

(where the grand mean is the average of all measurements within the ream), as is the 

calculated measurement uncertainty of the method (0.26 ‰). Six of the seven reams’ 

standard deviations lie below the method measurement uncertainty, indicating that this 

value is a robust estimate of the maximum variance expected. 
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Figure 3.6: Standard deviation values (‰) for homogeneity and sampling test 
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To determine whether one sampling method was representative of the variability within 

a single ream, a non-parametric Kruskal-Wallis ANOVA test was utilise for comparison. 

Significant differences were detected between the sampling methods in all reams. The p-

values ranged from 0.0449 (Olympic) to <0.0001 (Double A, Fuji Xerox, Officemax and 

Reflex). Dunn’s post-hoc test was used to cross compare each of the sampling methods. 

If one sampling method was observed to be consistently different to other sampling 

methods (across the seven brands) then this would indicate that this sampling method 

was more able to capture the variability of the ream. No sampling group was observed to 

be consistently different across all of the reams and hence it is suggested that the 

variance measured is random and likely due to the natural inhomogeneity of the paper.  

 

With respect to ream sampling methods (comparing the standard deviation results in 

Table 3.3) it is evident that the largest standard deviation was observed in the 25 page 

results. For all reams however, this value is close to that of the 7 page results and using 

Dunn’s Post Hoc test, only one ream was statistically significant different between these 

two groups (Fuji Xerox). This result does not justify the need for the additional time and 

resources required to sample 25 pages rather than 7. Based on this, for forensic 

casework, it is recommended that at least 7 samples from 7 pages be used to characterize 

a ream or stack of paper (e.g. a stack collected from a printer).  

 

Comparing the random location sample groups to the single location groups, there is 

evidence to suggest that sampling from a single location captures more of the variability 

within a sheet than sampling randomly. This is seen in the higher standard deviation 

results for these groups (for both the 3 sample and the 7 sample tests), particularly for 

the Docucopy and Double A reams. Overall however, the standard deviations are 

relatively small and one method does not clearly produce consistently better results 

across all brands.  

 

Mixed results were obtained for the number of samples needed to capture the variability 

of a single sheet of paper. Comparing the 3 sample tests to the 7 sample tests (from both 

the random location and one location tests), the results indicate that analysing 7 samples 

leads to smaller standard deviation results. Practically, this sampling method would also 

be favoured in terms of outlier removal. Again however, the standard deviation values 

measured here are small, as are the differences between them and hence the number of 
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samples taken to characterise a single sheet should be a decision taken within the context 

of the examination question.  

 

While the background population study previously described examined changes within 

the same brands over time, to determine the ability of IRMS to discriminate source and 

to determine what the source level for papers may be, seven reams from seven brands 

were purchased at the same time and from the same location. A single sample from 

seven sheets from each ream was measured and the mean and standard deviation results 

are detailed in Table 3.4.  

 

It should be noted that between the round one and round two homogeneity testing, the 

Officemax brand changed their production location from South Africa to China.  
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Table 3.4: Mean δ13CVPDB and standard deviation (‰) results for between ream homogeneity 
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Overall, the brand with the largest variance per ream was Docucopy. The Fuji Xerox and 

Officemax brands also had higher standard deviations across multiple reams than the 

other brands.  

 

Each brand was plotted as a box plot, with the whiskers set to represent the 95% 

confidence interval (2 x standard deviations) for each population. The seven plots are 

shown below in Figure 3.7 (a-g) with the y-axis plotting the corrected δ13CVPDB (‰) 

value. For ease of comparison, all of the plots have been standardized with a 2 ‰ 

range on the y-axis.  
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Figure 3.7 (a-g): Boxplots denoting the mean δ13CVPDB (‰) and standard deviation (‰) for seven 

reams from seven different brands

a b

d c 

e f

g 
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For the Fuji Xerox, Docucopy, Reflex, Olympic and Lazer IT brands, each of the seven 

reams measured produced results that were statistically consistent within their own brand 

group. The range of variation observed for each brand fluctuated however, from tight 

homogenous ranges of values (e.g. Lazer IT) to larger ranges (e.g. Docucopy) showing 

that there is inconsistency in terms of how much variance is observed between different 

brands of reams.  

 

The other two brands, Double A and Officemax showed clear differences within the 

seven reams measured. For these samples, 5 reams could be discriminated from the two 

other reams. This is likely due to a difference during sample collection, with the 5 reams 

originating from one carton of paper (with 5 reams to a carton) and the other two 

collected as loose reams although at the same time.  

 

Statistically, using the Kruskal Wallis test with Dunn’s post-hoc test, significant 

differences were detected within the Reflex (p-value = 0.007), Double A (p-value = 

<0.0001) and Officemax (p-value = <0.0001) samples. Setting aside the Reflex ream 

result, Dunns post-hoc test indicated that the differences in the Double A and Officemax 

samples were due to the two reams that were different from the others, as observed in the 

boxplots. This result indicates that even though care was taken during the purchase of 

the reams, differences can occur due to packaging or longer term storage of the reams in-

store. These results also show that differences in the age of the ream will produce 

variance in the measured values over time. This could be due to small changes in the 

source materials, or through the use of multiple manufacturing facilities for papers of the 

same brand.  

 

For the Reflex reams, Dunn’s post-hoc test showed significant differences between the E 

ream and F and G reams. This is due to a slight difference in the sample history of the 

reams, with the E ream (mean δ13CVPDB = -23.47 ‰) isotopically lighter than the F 

(mean δ13CVPDB = -23.69 ‰) and G (mean δ13CVPDB = -23.65 ‰) reams. The effect here 

is much more subtle than in the Double A and Officemax brands however and should be 

attributed to the natural variation of the Reflex branded samples, given that the 

difference between the means is only 0.2 ‰, and would not be discriminated given the 

0.5 ‰ benchmark value being proposed here.  
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The grand mean and standard deviation for the 49 samples measured for each brand 

were also calculated. The Double A brand had the largest standard deviation of 0.38 ‰. 

Treating the G and H reams as having originated from another source (and removing 

them from the calculation), the adjusted standard deviation instead becomes 0.07 ‰. 

This leaves the Docucopy brand as having the largest overall standard deviation at 0.24 

‰. This standard deviation is consistent with the single ream homogeneity study results 

and provides further evidence that the use of a 1 ‰ total range as a confidence interval 

for comparison and discrimination of results is robust.  

  

Utilizing the 0.5 ‰ benchmark/discrimination value, the 125 background samples were 

compared to determine how well the carbon isotopic abundance values could 

discriminate the sample set. As such a large background sample set was being measured, 

each paper sample was measured in triplicate only. 7750 pairwise comparisons were 

made, from which 5254 pairs of papers could be discriminated. This equates to a 

discrimination of 68% of samples. The discrimination table is included electronically 

within Appendix 5. Although in isolation this value is not high, the discrimination power 

is expected to increase with the addition of oxygen isotopes and may increase through 

the use of other paper examination techniques. For a single isotope this test result has 

yielded a discrimination power that is higher than first expected, especially when 

considering the close range that Australian and Chinese papers in particular sit within.  

 

 

125 paper samples commercially available in Australia and New Zealand were measured 

for their carbon isotope ratios. The range of values fell between -22 ‰ and -30 ‰. Some 

relationship could be inferred between the source of the ream and the δ13C values 

measured.  For example, the papers made in Australia and China consistently fell within 

the -23 ‰ to -24 ‰ range.  
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Seven recycled papers, produced in Australia, were measured and compared against the 

background paper samples to determine if their δ13C abundance varied significantly from 

papers made with virgin pulps. No significant difference was observed.  

 

Two experiments were undertaken to examine the homogeneity of document papers. The 

purpose of these experiments was to observe within ream and between ream variance of 

seven different brands of paper. These results were then utilised to inform the 

interpretation and comparison process. The maximum standard deviation for a single 

ream was 0.28 ‰. This translates to a 95% confidence interval of 0.55 ‰ either side the 

measured value or a total range of approximately 1 ‰. Using carbon isotope ratio 

values, this is the recommended minimum δ13C difference for being able to conclusively 

differentiate two paper samples.  

 

The between ream homogeneity experiments showed that differences within the same 

brand can be detected even when purchased from the same store at the same time. This 

means that variability within the same manufacturing facility or between different 

manufacturing facilities that produce the same brand of paper, can be detected using 

isotopic abundance values. Where one manufacturing facility has been used (e.g. in the 

case of Reflex branded reams) this means that isotopic abundance is not consistent 

across a production facility indefinitely and varies between production batches or runs.  

 

Overall, the standard deviations within each single ream were low however, 

demonstrating that there is ream-to-ream variation (within a brand) but that this is 

generally larger than the single ream variation from which individual sheets are taken. 

The results also showed that paper produced from the same batch (within the same crate 

and therefore produced at roughly the same time) had comparable δ13C values, within 

the 1 ‰ confidence interval range, which was deemed to be an appropriate threshold for 

discrimination after comparison with these results.  

 

Using the 0.5 ‰ benchmark/discrimination value (1 ‰ discrimination range), 68% of 

the 125 background samples collected could be discriminated when a pairwise 

comparison was undertaken. This discrimination power is expected to increase with the 

addition of oxygen and hydrogen isotopes and may be further increased through the use 

of other paper examination techniques.   
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In terms of sampling, the recommended minimum number of samples to characterize a 

ream is 7 samples taken from 7 separate sheets. Measuring 25 samples from 25 sheets 

within a single a ream (5% of the ream total) did more effectively capture the variance 

within that ream however the difference between 7 samples and 25 samples was not 

significant enough to justify investment of the additional time and resources needed to 

prepare and run 25 replicate samples. In a casework context, 25 sheets may not be 

available for measurement and would likely hinder within sequence comparisons with 

the questioned samples, something that is preferential for robust comparison of samples.  
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The main results of this chapter have previously been published in Jones et al (2013b). 

The published article is included electronically within Appendix 5.  

 

 
 

When undertaking any study of the isotopic abundance values of a bulk material, 

consideration should be given to the source materials and how they are combined to 

reach the final product being measured. While it is essential to measure and 

understand the natural variation of a material, in this case using clean papers, 

questioned paper samples in casework would have undergone some form of writing or 

printing process prior to being submitted for examination. Understanding the effects of 

these processes on the δ13C abundance values of paper is essential for interpretation 

and comparison with clean samples, for example in cases where printed documents 

need to be compared to clean paper located in a printer feed tray.  

 

The work in this chapter will present a range of experiments undertaken so that the 

source materials, the effects of the production process, the effects of printing and 

select forensic testing could be observed with respect to their effects on the carbon 

isotopic abundance values of 80gsm white office papers.  

 

The key source question posed in this study seeks to define what is being measured in 

a bulk sample of paper and how much of that bulk value is related to the isotopic 

abundance values of the raw wood chips used in production. This has implications for 

future forensic intelligence and provenancing work, where models could be developed 

and used to eliminate regions of interest for suspect papers, if the measurement values 

of papers could be directly compared to known environmental values (e.g. isoscapes 

(Bowen, 2010, West et al., 2010)). To do this, samples were taken sequentially from 

the paper production facility at the Australian Paper Mill (Maryvale, VIC). These 
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samples ranged from raw wood chips through the pulping, whitening and refinement 

steps to the final formed and packed paper.  

 

The secondary questions to be addressed in this study involve the alteration of the 

surface of paper, either by printing or through general use situations, or from the 

recovery of forensic material (including fingerprints and DNA) and their impact on 

δ13C values measured.  

 

For these types of papers, printing will be by a toner (laser) or inkjet printing process. 

These two processes vary in their ink type and delivery systems and hence may affect 

the δ13C values in different ways. Toner printing processes utilise polymer particles 

that are heated to form a layer of material that is pressed and melted on to the surface 

of the page. Inkjet inks are water-based, fluid inks that are propelled/sprayed by a 

nozzle on to the surface of the page and subsequently absorbed by the fibres. Both 

printing methods leave scattered particles of toner or ink across the non-image areas of 

the page, creating potential contamination issues for IRMS sampling of the base 

substrate.  

 

A range of handling and usage experiments were undertaken on papers to determine 

what effect, if any, these situations had on the δ13C values of the paper. These 

experiments ranged from simple handling tests, to immersion in water and exposure to 

dirt/dust, heat, light charring and UV light.  

 

Although document examination is typically performed prior to examination for 

fingerprints and collection of trace DNA, there are circumstances where questions 

regarding the origin or authenticity of documents are not asked prior to other forensic 

examinations taking place. 1,2-Indandione-Zn treatment for latent fingerprint 

enhancement is commonly employed in forensic laboratories, followed by tape-lifting 

to collect trace DNA. 1,2-Indandione-Zn was first investigated in 1997 as an amino 

acid attractive chemical treatment process that produces very strong luminescence in 

fingerprints developed on porous surfaces including paper (Wallace-Kunkel et al., 

2007, Wallace - Kunkel, 2007, Spindler, 2011). For development of latent prints, after 

application of the 1,2-Indandione-Zn, heat is applied using a heat press around 150 

degrees for up to 10 seconds. As the chemical soaks into the paper sheet, there is the 
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potential for interference from the chemical during subsequent IRMS measurements, 

or for fractionation to occur during heating.   

 

Tape lifting is a simple technique, used to collect trace DNA by repeatedly placing and 

removing adhesive tape on the surface of paper. This tape removes the surface of the 

sheet, with any environmental debris including epithelial cells. Even though it is not a 

chemical process, there still exists the potential for alteration of the isotopic abundance 

due to either inclusion of adhesive residue or incomplete measurement of the paper 

due to the removal of the surface layer of the sheet onto the tape.  

 

 

The instrumentation, equipment and method used to measure and correct the carbon 

isotopic abundance values in this chapter are outlined in Chapter 2.  

 

Statistical tests were undertaken using Microsoft Excel® and GraphPad Prism version 

5. When assessing whether differences were being observed, the Kruskal-Wallis Non-

Parametric Analysis Of Variance (ANOVA) followed by a Dunn’s Multiple 

Comparison Post-Hoc test was used, consistent with other statistical tests utilised for 

paper samples.  

 

The fractionation factors associated with a production process were calculated using 

the following equations. The fractionation factor is an expression of the difference in 

reaction rates between the light and heavy isotopes through a chemical process or step. 

In this study, a simple fractionation factor was calculated using the equations in Fry 

(2006), where fractionation (Δ) is defined as:  

 

Δ = δsource - δproduct 

 

And the fractionation factor (α) of the chemical or physical fractionation process is:  

 

Δ = (α-1)*1000  
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Mixing is when two or more source materials are combined to form a product with a 

new isotopic value. Also taken from Fry (2006), the equation used to establish the % 

contribution δ13C of the source materials to the final δ13C value of the product is: 

 

δsample = (δsource 1) * f1 + (δsource 2) * f2  

 

Where f is the mole fraction of each component and is solved for f1 as: 

 

f1 = (δsample – δsource 2) 

       (δsource 1 - δsource 2) 

 

To examine the effect of the paper production process on the carbon isotopic 

composition of paper, a site visit at the Australian Paper Mill (Maryvale, Victoria) was 

conducted in February of 2011. Samples were collected at different stages of the 

production process, including: 

 

• Whole eucalyptus wood chip (Wood Chip) 

• Post-digester unbleached eucalyptus pulp (Unbleach Euc) 

• Samples from within the bleaching/whitening process  

 Post oxygen wash (Ex O) 

 Post ozone and peroxide wash (Ex ZD) 

 Post caustic soda, oxygen and peroxide wash (Ex EOP) 

 Post chlorine dioxide wash (Ex D) 

• Refined bleached eucalyptus (Refined Bleach Euc)  

• Refined bleached pine 

• Directly from the paper decal roll, post paper production (Paper Decal) 

• Paper packed into reams for shipping (Paper Packed) 

• Bulk measurements for packed paper and paper decal 

• Paper filler material – Calcium Carbonate (CaCO3) 

 

One sample from each production stage was collected in sequence from throughout the 

process over a period of 4 hours. Due to the continuous process, it cannot be assumed 
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that the source will be identical in all of these samples. Taking the samples on the 

same day in sequence is as close as possible to following a batch of wood chips 

through the production process. A number of these samples were collected from wet 

processes and were dried as soon as practicable in a 60°C oven for 1-2 hours before 

being re-packaged into glass vials with Teflon lined screw top lids (Sigma Aldrich, 

Australia) and sealed with Parafilm (Sigma Aldrich, Australia).  

 

As the removal of lignins is the primary function of the pulping and bleaching steps, it 

was necessary for a cellulose extraction to be performed on these samples so that only 

one target compound was being measured, rather than a mixture of changing 

proportions.  

 

The equipment required to perform a cellulose extraction was not available in the AFP 

laboratory, hence samples from the paper production process were ground using a 

commercial coffee grinder, packaged into Parafilm sealed glass vials and sent to the 

University of California, Berkeley for extraction and measurement. The methods used 

to extract the cellulose are published (Tao et al., 2010, Gaudinski et al., 2005).  

 

Where extracted sample sizes permitted, measurement of the carbon isotope 

abundance values were performed in duplicate. Results were reported directly to the 

author in the form of corrected δ13C values. Information about the correction process 

used by this laboratory can be found online (Center for Stable Isotope 

Biogeochemistry - http://dawsonlab.synthasite.com/stable-isotope-lab.php).  

 

In an attempt to replicate the cellulose extraction procedure in the AFP laboratory in a 

simple manner, 25 paper samples from the background population samples were 

treated with hydrochloric acid to remove the calcium carbonate filler material prior to 

measurement. To do this, 1cm samples of paper were cut into small squares and placed 

into 10mL glass beakers. Concentrated hydrochloric acid (HCl, Sigma Aldrich, 

Australia) was used to cover the surface of the paper and was left until no further 

bubbling from the surface of the paper was observed. Whilst being acidified, the 

beaker was agitated gently by swirling, to ensure that the acid covered both sides of 

the surface of the paper. After this, the paper was thoroughly washed using deionized 
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water and dried on Whatman filter paper (Sigma Aldrich, Australia) under vacuum. 

The papers tested are detailed with the results in Table 4.3.    

 

The second component of this study measured samples taken from office printing 

processes and forensically treated samples. The equipment and method utilised was 

the same as the one used to measure bulk paper production samples described in 

Chapter 3. To sample the papers, a 1.2mm micropunch (Harris Unicore, LabSciTech, 

Australia) was used to remove circular pieces of paper that weighed between 120 and 

150μg of sample.  

 

To assess the effect of printing on the δ13C values of papers, a request was made 

through several networks in Australia and New Zealand for samples to be collected 

and sent for measurement. The instructions provided asked for a 3-page preformatted 

document to be printed and sent with a sample of the same un-printed paper so that 

before and after printing measurements could be made. Information on the make, 

model and type of printer was requested in addition to information including paper 

brand, packing date (if available) and purchase/collection location of the paper ream.  

 

46 toner and 13 inkjet test prints were received for measurement. The number of inkjet 

samples was lower than hoped but this was likely due to business and government 

departments using toner printers much more frequently for economic reasons. A good 

range of brands was received and a number of repeats of the same manufacturer and 

model were also received, increasing the comparability of the test sample base. The 

papers and printers tested are detailed in Table 14.4 (toner printers) and Table 14.6 

(inkjet printers).  

 

Triplicate measurements were taken from each of the unprinted sheets, the printed 

sheets in the non-image area and as a worst-case scenario, from directly on top of the 

printed text. The printed text measurement was also made to give a preliminary 

indicator for the potential for discrimination of the ink/toner using isotopic abundance 

values using bulk measurements taken directly from a document.  
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The following testing was undertaken on five different papers, as detailed in Table 4.4. 

The five reams were labelled A-E and three replicate sheets of paper from the five 

reams subsequently labelled as pages A, B and C. A 4 cm strip of paper was cut from 

the bottom of each page as the paper blank. The remaining sheet was sectioned into 

quarters, for use in the environmental and forensic testing experiments described 

below. The environmental tests were constructed to span a wide range of usage or 

damage scenarios. None of the conditions of the tests were conducted quantitatively.  

 

• Dirt/Dust 

The sheets were soiled by placing them on an outside concrete surface and 

applying pressure to maximise contact and adhesion of contaminants. Loose 

particles were dusted from the page prior to sampling.  

• Heat 

The sheets of paper were placed in a 60-degree oven for 4 hours, taken out 

and allowed to cool prior to sampling. 

• Fire 

The sheets of paper were charred by placing them above an open flame until 

mild discolouration occurred. Samples were taken from the discoloured 

sections of the sheets.   

• UV Exposure 

Sheets were placed in a closed container/box with a 254nm UV light source 

for approximately 2 hours. 

• Handling/Body Contact – Low 

Using a thumb, the sheets of paper were repeatedly touched in the same 

location by flicking/ turning sheets in the same place 10 times on each sheet. 

Samples were taken directly from the area of contact.  

• Handling/Body Contact – Medium 

Using multiple fingers, the sheets were touched by creasing/ folding the page 

by pressing and smoothing with the fingers. Samples were taken directly from 

the crease/ fold area. 
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• Handling/Body Contact – Heavy 

Multiple fingers were held and rubbed on the sheets of paper for 5 minutes. 

The contact was very visible on the pages as body oils accumulated. Samples 

were taken directly from the contact area.  

 

For the forensic testing - fingerprint and DNA collection was simulated using one 

sheet from each brand that was subjected to treatment either with 1,2-Indandione-Zn 

or DNA tape lifting. Note, no fingerprints or DNA were deposited on the surface of 

the pages prior to testing in these evaluations. For the tape lifting, a piece of adhesive 

tape was placed lightly on to the surface of the sheet and removed. This was repeated 

multiple times.  

 

 

The results from the cellulose extracted paper process samples are detailed in Table 4.1. 

This table also includes the bulk measurement values obtained for each of the 

processing stages. The δ13C values for the main additives used in the paper production 

process are presented in Table 4.2.  
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Production 
 Stage 

Description 
Cellulose 
Extracted Mean 
δ13CVPDB (‰)  

Bulk  
Mean δ13CVPDB 
(‰) 

Difference 
Cellulose 
Extraction vs. 
Bulk (‰) 

Raw Wood Chip  -26.11 ± 0.3 -26.34 ± 0.00 0.23 

Unbleached 
eucalyptus  After pulping -25.83 ± 0.05 -25.60 ± 0.05 0.2 

Ex O  First whitening step -25.51 ± 0.06 -25.69 ± 0.00 0.18 

Ex ZD Second whitening step -25.77 ± 0.02 -25.77 ± 0.06 Nil 

Ex EOP Third whitening step -25.77 ± 0.05 -25.74 ± 0.03 0.03 

Ex D  Last whitening step -25.73 ± 0.13 N/A  

Refined Bleached 
Euc 

Last step before mixing 
with other pulp and 
additives 

-25.74 ± 0.03 -26.02 ± 0.05 0.28 

Formed Paper  After paper production -25.92  -23.91 ± 0.15 2.01 

Packed Paper  
After cutting and 
packing -25.86 ± 0.05 -23.50 ± 0.13 2.36 

 

Table 4.1: Cellulose extracted and bulk measured δ13CVPDB (‰) ± 1 standard deviation for paper 

source and production samples 
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Additive Name Mean δ13CVPDB (‰)  

Dry Bleached Pine (cellulose extracted) -26.05 ± 0.04 

Refined Bleached Pine (cellulose extracted) -25.82 ± 0.12 

Calcium Carbonate Filler (bulk measured) 2.14 ± 0.12 

Table 4.2: Cellulose extracted and bulk measured δ13CVPDB (‰) ± 1 standard deviation, for 

additives used in paper production 

 

 

Comparing the cellulose extracted values with the bulk measurements in Table 4.1, a 

decrease in isotopically heavier extraneous material (reflected by an increase in the 

δ13C value) is evident as sample production proceeds. By the second whitening step 

(Ex ZD) the cellulose extracted and bulk values are comparable (within 2 standard 

deviations). This means that the lignins and other contaminant materials have been 

removed or are at trace levels. This also suggests that no fractionation is occurring 

during these whitening stages.  

 

Additionally, there is a difference between the extracted and bulk samples for refined 

eucalyptus. This was unexpected as the advice received from the paper mill was that at 

this stage in production the mixture should only contain pure, whitened cellulose 

fibres. The difference between the two measurements contradicts this information and 

suggests that an additive has been placed into the mixture. Alternatively, the 

refinement process could also have caused a fractionation event. To confirm this, a 

bulk IRMS measurement was undertaken of the refined bleached pine sample, which 

is expected to be in the same form as the refined eucalyptus fibres. The bulk refined 

pine sample was measured at δ13CVPDB -26.01 ‰ ± 0.05 and when compared to the 

cellulose extracted refined pine sample in Table 4.1 (δ13CVPDB  -25.82 ‰ ± 0.12), a 

similar difference of approximately 0.2 ‰ is observed, confirming that there is either 

an additive present at this stage of the process or that fractionation of the cellulose has 

occurred during refinement.  

 

The difference between the dry and refined pine samples is due to either a batch 

difference or a production processing difference. The raw pine fibres were sampled 
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dry from a storage pallet whereas the refined samples were sampled directly from the 

wet manufacturing section, ready for input into the paper furnish.  

 

Figure 4.1 is a plot of the δ13C values of the extracted cellulose from each step in the 

production process. Figure 4.2 contains the same data, plotted against bulk 

measurements for the same samples. This second plot highlights the stages in the 

process where more than just the cellulose content of the paper is contributing to the 

δ13C values measured. For both plots, error bars were omitted, as they were negligible 

at this scale.  

 

 
Figure 4.1: Mean δ13C values of cellulose extracted from samples collected throughout the paper 

production process  

 

 
Figure 4.2: Comparison of mean δ13C values of extracted cellulose (diamond markers) with bulk 

values (square markers) collected from throughout the paper production process 
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The cellulose extracted samples in Figure 4.1 show fractionation of the cellulose 

occurring as it is processed from raw wood chip through pulping and the first stage of 

bleaching. The fractionation is small however, at 0.6 ‰ between the two stages. 

Utilising the equations for calculating the fractionation factor (α) (Fry, 2006), the 

fractionation factor for this reaction is calculated at 1.006, which reflects a modest 

fractionation and illustrates that the process was favouring the lighter isotope.  

 

A small difference in the δ13C values measured was observed between the raw 

cellulose (-26.11 ‰) extracted from the wood chip and the formed paper (-25.92 ‰) 

in Table 4.1. This was a difference of 0.2 ‰ between the whitening and refinement 

stages of the process and the formed and packed paper samples i.e. between the start 

and the end of the actual paper production stages. While this may be an additional 

fractionation process, the magnitude is very small and could equally be explained by a 

natural variation of the source material or due to addition of the slightly more depleted 

pine fibres. 

 

A more significant difference can be observed between the bulk and cellulose 

extracted sample measurements. A difference of over 2 ‰ is observed between both 

the formed and packed paper samples when the cellulose is extracted and run in 

isolation. From information obtained about the constitution of the paper, this is due to 

the inclusion of a significant proportion of calcium carbonate (CaCO3) filler, added 

into the paper mixture to smooth, bulk and stabilise the formed sheet.  

 

The CaCO3 was measured to have a δ13CVPDB 2.14 ‰ ± 0.12 (Table 4.2) - significantly 

different to the δ13CVPDB -25.7 ‰ value of the eucalyptus fibres. Putting aside the 

contribution of the addition of the Pine cellulose (which would be minimal due to its 

similar δ13C value, measured at δ13CVPDB -25.82 ‰), and the contribution of other 

additives (which would be small due to their low percentage in the mixture), using the 

mixing equations presented in Fry (2006) indicated that the formed paper contains 

approximately 8% CaCO3 filler. This is below the expected range of filler composition 

(10-25%) quoted verbally by the paper mill and published within the literature 

(Biermann, 1996, Wolfgang et al., 2001, Murphy, 2009). 
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The measurement results of the bulk versus acidified samples are shown in Table 4.3, 

with sample numbers retained from the background samples in Chapter 3. Figure 4.3 

shows the difference between the two measurements. For Australian papers, the 

difference in δ13C value is close to the difference observed between the cellulose 

extracted and bulk samples in Table 4.1.  

 

Sample 

Number 

Paper Country 

of Origin 

Bulk Paper 

Mean δ13CVPDB   

± 1 St Dev (‰) 

After Acidification 

Mean δ13CVPDB  ± 

1 St Dev (‰) 

Difference 

(‰) 

43 Australia -23.10 ± 0.06 -25.89 ± 0.14 2.79 

45 Australia -23.19 ± 0.04 -26.67 ± 0.01 2.08 

66 Australia -24.59 ± 0.14 -25.92 ± 0.10 2.87 

67 Australia -23.05 ± 0.08 -25.87 ± 0.12 2.57 

76 Australia -23.30 ± 0.07 -25.62 ± 0.02 2.21 

75 Australia -23.16 ± 0.08 -26.01 ± 0.05 2.84 

77 Australia -23.85 ± 0.06 -25.90 ± 0.05 2.04 

78 Australia -23.50 ± 0.15 -26.39 ± 0.09 2.88 

79 Australia -23.50 ± 0.08 -26.18 ± 0.06 2.67 

82 Indonesia -29.58 ± 0.04 -29.73 ± 0.06 0.15 

83 Indonesia -28.37 ± 0.09 -29.55 ± 0.09 1.18 

88 Indonesia -27.57 ± 0.07 -27.90 ± 0.05 0.33 

89 Indonesia -26.56 ± 0.04 -26.93 ± 0.01 0.38 

92 Thailand -27.01 ± 0.07 -27.19 ± 0.01 0.18 

93 Thailand -27.88 ± 0.02 -27.64 ± 0.08  0.23 

94 Thailand -28.21 ± 0.02 -27.74 ±0.07 0.47 

95 Thailand -28.54 ± 0.05 -28.34 ± 0.13 0.20 

96 Thailand -27.55 ± 0.14 -27.44 ± 0.03 0.11 

102 China -22.82 ± 0.17 -25.72 ± 0.10 2.90 

103 China -24.31 ± 0.12 -27.45 ± 0.16 3.14 

105 China -23.78 ± 0.16 -26.43 ± 0.07 2.65 

109 South Africa -25.00 ± 0.09 -25.75 ± 0.05 0.75 

111 India -25.61 ± 0.06 -27.08 ± 0.08 1.48 

120 China -23.40 ± 0.10 -25.93 ± 0.06 2.53 

121 Brazil -25.79 ± 0.01 -25.64 ± 0.09 0.15 

Table 4.3: Papers measured for δ13CVPDB before and after acidification using hydrochloric acid 
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Figure 4.3: Mean δ13C values of bulk paper (diamond markers) compared with the same paper 

samples after undergoing acidification (square markers). Sample number is taken from Table 4.3. 

 

Figure 4.3 shows that the difference between bulk and acidified papers varies 

depending on the paper sample being measured. From this we can draw two 

conclusions – that CaCO3 content varies depending on manufacturing choices made 

during production (i.e. that the ‘recipe’ for paper is not consistent) and that other filler 

materials may be being used (e.g. kaolin clay, talc or titanium dioxide) that are either 

not removed using hydrochloric acid or have little to no effect on the carbon isotopic 

abundance values of paper.  

 

For comparison of papers this result has wider implications. When two bulk values are 

measured and are found to not be able to be discriminated (therefore indicating that 

they may have shared a common source), it may be possible that while one sample has 

a CaCO3 filler the other does not but lies in the same δ13C range. While these samples 

may be discriminated using a combination of isotopes, a risk of false association exists 

when utilising a single carbon isotopic measurement. Therefore, it is recommended 

that further testing be undertaken via acidification of the samples when the 

measurement values are found to be within the same range. This will elucidate further 

information about the sample and may potentially discriminate the samples. 

Alternatively, chemical identification of the filler materials could be undertaken prior 
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to measurement with IRMS. A pilot study using X-Ray Diffraction is included for this 

purpose in Chapter 9. 

 

Overall these results show that paper production contains both fractionation and 

mixing stages that impact the ability to directly compare (or associate) the bulk carbon 

measurements to the wood source via published literature (e.g. cellulose isoscapes) 

without knowing the δ13C value and percent composition of the bulk filler material. 

For some papers, it may be possible to measure the true cellulose value by using 

hydrochloric acid treatment to remove CaCO3 prior to measurement and this should be 

considered as an additional comparison tool when the δ13C values of two samples 

cannot be readily discriminated.  

 

Table 14.5 and Table 14.7 detail the blank paper, printed paper (non-image area) and 

printed paper (image/text area) δ13CVPDB for the 46 toner and 14 inkjet samples 

measured. The mean values in these tables are taken from triplicate measurements for 

each condition. 

  

Figure 4.4 and Figure 4.5 show plots for the data in each table, with the error bars 

representing the 0.5 ‰ benchmark/discrimination value defined in Chapter 3.  
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Figure 4.4: Comparison of the mean δ13CVPDB values of papers before and after printing using toner 
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Figure 4.5: Comparison of the δ13CVPDB values of papers before and after printing using inkjet ink 
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The toner printed samples plotted in Figure 4.4 indicates that the inclusion of toner 

(either particles or sampling directly from the printing itself) contributes to the 

δ13CVPDB value measured. In all samples, this measured value was more depleted than 

the un-printed and printed non-image area samples and in some cases the difference is 

large enough that the samples would be classified as different during interpretation. 

The magnitude of the difference was unique to the sample however, showing that even 

if the principle of identical treatment was used (and both samples were taken from 

regions that appeared to contain a similar ink density), results from the printed area 

samples could not be used for comparison of the papers underneath.  

 

Although no consistent difference was observed between the unprinted papers and the 

samples taken from the non-image areas of the printed pages, for toners that are 

significantly more depleted than the paper substrates, the presence of extraneous 

particles from the printing process may be significant. To prevent this, care should be 

taken during sampling to identify an area with low/no particles using magnification or 

microscopy, prior to punching the samples. From a practical perspective this would 

also be essential as different makes, models, age, defects and even the settings used 

when producing prints from toner machines will impact the amount and location of 

these particles, which may not be evident without using some form of magnification.  

 

The samples provided from the same manufacturer and model of machine were 

compared to observe whether the changes to the printed-paper samples were uniform. 

Some of the repetition of manufacturer and model observed in the sample set was due 

to one sample collection provider changing the paper utilised and printing multiple test 

sheets from the same machine. Overall, there was no consistency in the effect that a 

single machine printing with different papers, or the same make and model of 

machine, had on the values of the papers or on the toner + paper samples measured. It 

is hypothesized that this is likely due to the non-uniform nature of sampling for the 

toner, which would impact on the amount of toner present and therefore the 

measurement value in relation to the paper that is of a fairly constant mass.  

 

The difference observed between the blank paper samples and the samples that contain 

toner indicate that if toner can be effectively removed from the paper sheet and 



Carbon Isotopes – Source, Handling and Forensic Sampling 

 126 

weighed to a controlled sample size that toner as a material has strong potential for 

comparison and discrimination using IRMS.   

 

The inkjet samples plotted in Figure 4.5 showed depletion of the δ13C values when 

directly sampled from the image areas of the printed pages. This difference however 

was not as significant as the toner samples and did not result in the sample values 

moving outside of the 0.5 ‰ benchmark range for discrimination. The non-image area 

samples were comparable to the unprinted paper samples suggesting that extraneous 

ink had less impact on the measured values for inkjet inks than toners. With respect to 

inkjet inks, microscopically this result makes sense at the ink spatter observed with 

inkjet printing is generally close to the printed characters and only observed outside of 

that when printing images or scanned documents.  

 

In general, for both printing sample types, the precision of the measurement (standard 

deviation values) was not affected by the presence of the ink or toner.  

 

 

The papers used and their untreated δ13C values are shown in Table 4.4. The measured 

values for the environmental samples are shown in Table 4.5. 

 

Paper Brand 
Paper 

Designator 

Country of 

Origin 

Untreated Mean 

δ13CVPDB (‰) for 3 

sheets sampled 

Untreated Std Dev 

(‰) for 3 sheets 

sampled 

Double A A Thailand -27.50 0.09 

Reflex B Australia -23.62 0.07 

Olympic C Australia -23.37 0.12 

Lazer IT D Indonesia -26.88 0.12 

Fuji Xerox E China -23.27 0.16 

Table 4.4: Brands of ream used and pooled mean values for environmental and forensic test 

evaluation 



Carbon Isotopes – Source, Handling and Forensic Sampling 

 127 

 

Treatment 
Sample 

Name 

Untreated Paper 

δ13CVPDB Mean ± 1 

Std Dev (‰) 

Treated Paper 

δ13CVPDB Mean ± 1 

Std Dev (‰) 

Difference of 

Means (‰) 

 

Dirt/Dust 

AC -27.4 ± 0.11 -25.49 ± 0.10 1.96 

BA -23.73 ± 0.00 -21.9 ± 0.00 1.82 

CA -23.49 ± 0.05 -21.88 ± 0.14 1.61 

DA -27.00 ± 0.11 -25.69 ± 0.01 1.31 

EA -23.21 ± 0.23 -22.25 ± 0.03 0.96 

Heat 

AC -27.4 ± 0.00 -26.26 ± 0.06 1.29 

BB -23.59 ± 0.05 -26.63 ± 0.12 0.96 

CA -23.49 ± 0.05 -22.51 ± 0.09 0.98 

DB -26.87 ± 0.10 -26.36 ± 0.01 0.51 

EA -23.21 ± 0.23 -22.89 ± 0.09 0.31 

Fire 

AB -27.57 ± 0.05 -27.12 ± 0.09 0.45 

BC -23.58 ± 0.02 -23.48 ± 0.03 0.10 

CB -23.27 ± 0.06 -23.18 ± 0.20 0.09 

DB -26.87 ± 0.01 -26.94 ± 0.02 0.07 

EB -23.30 ± 0.04 -23.48 ± 0.05 0.18 

UV Exposure 

AC -27.40 ± 0.00 -26.91 ± 0.11 0.54 

BB -23.73 ± 0.00 -23.29 ± 0.02 0.30 

CA -23.49 ± 0.05 -23.38 ± 0.10 0.11 

DB -26.87 ± 0.01 -27.23 ± 0.05 0.35 

EA -23.21 ± 0.23 -23.84 ± 0.07 0.63 

Handling Low 

AB -25.57 ± 0.05 -27.16 ± 0.12 0.41 

BC -23.58 ± 0.02 -23.45 ± 0.12 0.13 

CB -23.27 ± 0.06 -23.19 ± 0.03 0.08 

DC -26.78 ± 0.01 -27.00 ± 0.05 0.22 

EB -23.30 ± 0.04 -23.49 ± 0.07 0.2 

Handling 

Medium 

AA -27.50 ± 0.11 -27.18 ± 0.08 0.32 

BB -23.59 ± 0.05 -23.43 ± 0.05 0.17 

CC -23.36 ± 0.13 -23.26 ± 0.16 0.10 

DC -26.78 ± 0.01 -26.96 ± 0.00 0.18 

EC -23.33 ± 0.14 -23.48 ± 0.20 0.16 

Handling High 

AA -27.50 ± 0.11 -27.05 ± 0.06 0.45 

BB -23.59 ± 0.05 -23.54 ± 0.05 0.05 

CC -23.36 ± 0.13 -23.24 ± 0.08 0.12 

DC -26.78 ± 0.01 -26.92 ± 0.12 0.14 

EC -23.33 ± 0.14 -23.58 ± 0.15 0.29 

Table 4.5: δ13CVPDB measurement values for environmental testing experiment 
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The environmental test that had the largest effect on δ13C values was the accumulation 

of dirt/dust on the surface of the sheets. This test, while not conducted quantitatively 

in terms of the amount of dirt placed on to the surface of the sheets, produced a 

universal change in the δ13C values of the pages. The heat and UV exposure tests also 

changed the δ13C on each of the sheets, although the change was not uniform. The 

uneven effect of the heat and UV stimuli may be due to the orientation of the sheets in 

the oven or the proximity to the UV lamp. The other environmental tests did produce 

some effect on the papers however it was not consistent and in general not higher than 

the measurement uncertainty for the method (0.2 ‰).  

 

To determine whether the differences observed were statistically significant, an 

unpaired t-test was performed on the dirt/dust, heavy handling and heat exposure tests.  

The statistical results of the five different papers for each of the 3 conditions are 

shown in Table 4.6. Box plot comparisons are shown in Figure 4.6 (a-c). The t-tests 

show significant differences for the papers measured for dirt/dust and heat treatments, 

with a net enrichment of the δ13C values being observed. While there is some 

difference observed for the handling-high test in Table 4.5, the results were not shown 

to be statistically significant.  
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 T-ratio 
Degrees of 

freedom 
P-value 

Dirt/Dust 

AC 25.93 3 0.0001 

BA 424.47 3 < 0.0001 

CA 18.49 4 < 0.0001 

DA 16.60 3 0.001 

EA 7.27 4 0.002 

Handling - High 

AA 4.96 2 0.038 

BB 1.22 4 0.289 

CC 1.27 3 0.293 

DC 2.90 4 0.044 

EC 2.14 4 0.099 

Heat 

AC 27.67 3 0.000 

BB 12.11 4 0.0003 

CA 16.64 4 < 0.0001 

DB 7.97 4 0.0013 

EA 1.77 3 0.175 

Table 4.6: Results of statistical t-tests for three conditions, on five papers.  
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Figure 4.6 a-c: Box plots of five papers measured before and after environmental testing 
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Table 4.7 details the before and after values for the samples treated for fingerprint 

detection using 1,2-Indandione-Zn and collection of DNA using a tape-lifting 

procedure. No significant differences (based on the 0.5 ‰ benchmark differentiation 

level) were observed between the before and after results for these tests. These results 

indicate that IRMS of papers is a feasible analytical option that can be conducted 

following two commonly applied techniques for fingerprint development and 

collection of DNA. 

 

Treatment 
Sample 

Designator 

Untreated 

Paper 

Mean 

δ13CVPDB 

(‰) 

Treated 

Paper  

Mean 

δ13CVPDB (‰) 

Treated 

Paper Std 

Dev (‰) 

Difference 

of Means 

(‰) 

Indandione 

AB -27.40 -27.24 0.01 0.16 

BC -23.58 -23.49 0.04 0.09 

CB -23.27 -23.33 0.17 0.06 

DB -26.87 -27.10 0.13 0.23 

EB -23.30 -23.48 0.03 0.18 
 

Tape lifting 

AB -27.40 -27.22 0.07 0.18 

BC -23.58 -23.55 0.07 0.03 

CB -23.27 -23.18 0.16 0.09 

DC -26.78 -27.01 0.04 0.23 

EB -23.30 -23.47 0.02 0.17 

Table 4.7: δ13CVPDB measurement values for forensic testing experiment 

 

 

The paper pulping and production process was examined in detail to determine if the 

chemical and physical manufacturing processing steps had any effect on the δ13C 

values of cellulose. A moderate fractionation was observed within the pulping and first 

stages of whitening due to the removal of lignin from the raw wood chip. The largest 

effect however was observed to be a mixing step prior to the paper formation process, 

with the addition of CaCO3 filler. This result means that the bulk carbon 

measurements cannot be compared to cellulose or ecological literature (i.e. to raw 
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cellulose values) without knowing the δ13C value and per cent composition of the bulk 

filler material. Acidification with hydrochloric acid was shown to remove what is 

assumed to be the CaCO3 content, which was subsequently shown to vary 

considerably between different production locations and batches. As an alternative to 

the use of isoscapes, a large-scale background study of the area of interest may 

elucidate trends with respect to the expected values of papers originating from 

specified regions.  

 

The effect of printing on paper samples was examined and toner printing was found to 

have the greatest effect on changing the δ13C values of the paper. From this study, the 

following recommendations are made for consideration during the forensic 

examination of papers: 

 

1. Samples punched from printed documents for paper comparison, should 

ideally not contain any ink; 

2. In particular with respect to toner printed documents, microscopy or 

magnification should be used to ensure that no extraneous toner particles are 

included with the paper samples; 

3. Based on the paper samples measured that contained toner, if toner can 

effectively be removed from the paper sheet (using a method that will 

require further development) and hence the sample size controlled, toner as 

a material in its own right should be investigated for comparison using 

IRMS; 

4. For inkjet printed samples, the unprinted paper samples are comparable to 

the printed non-image area samples and as such, microscopy prior to 

sampling is less important for this type of printing; 

5. IRMS of papers is still feasible after 1,2-Indandione-Zn treatment for the 

visualization of fingerprints and tape-lifting for DNA collection; and  

6. Some environmental conditions were observed to change the δ13C values of 

papers. This should be considered in the context provided with casework to 

avoid misinterpretation of results, particularly when comparing papers with 

different histories. 
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Further research is recommended to investigate the types and amount of fillers present 

in papers to better understand the differences observed in the acidification experiment. 

A pilot experiment utilising X-Ray Diffraction is included in Chapter 7 to identify the 

type of filler present in document papers. It would also be advantageous for the paper 

production study to be repeated, both at the same and different mills to confirm the 

observations here.  
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To complement the work undertaken for carbon isotopes and to ensure that the 

methods developed are operationally deployable, method development and validation 

was undertaken for the measurement of oxygen isotopes. The experiments conducted 

are similar to those for carbon detailed in Chapter 2.  

 

The same principles, based around international accreditation to ISO17025 and NATA 

standards (National Association of Testing Authorities, 2015, ISO, 2005) were applied 

to perform this method development and validation study.  

 

 
 

To correct all paper samples, international benzoic acid standards IAEA-601 and 

IAEA-602 (purchased from the International Atomic Energy Agency, Vienna) were 

run in replicates of 5 at the start and the end of all analytical sequences.  The published 

δ18OVSMOW values of these standards are 23.3 and 71.4 ‰ respectively (Coplen et al., 

2006).  International standard cellulose IAEA-CH-3 was used as a quality assurance 

material. While no published/agreed value exists for the oxygen isotopic abundance of 

this material, inclusion of it in each run will allow a laboratory value to be determined 

over time.   

 

A Genius ME5 (Sartorius, Goettingen, Germany) analytical balance was used to weigh 

the international benzoic acid standards IAEA-601, IAEA-602 and IAEA-CH-3. After 

sample size experimentation, the weight for these standards was set at a sample size of 

250μg ± 20μg. Paper samples were prepared using a combination of a 1.2mm and 
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2mm Harris Uni-core micro-punches (Proscitech, Queensland, Australia) to a sample 

size of 250μg.  

 

For the reproducibility experiment, Polyethylene Glycol (PEG) and coumarin working 

materials (obtained from other forensic isotopic laboratories) and international 

standard cellulose samples were weighed to 150, 400 and 200μg respectively. Samples 

were placed into 3.3 x 4 mm silver capsules for solids (Thermo Fisher Scientific, 

Sydney, Australia) and stored in a Perspex desiccator with self-indicating silica gel 

until measurement. Where not specified, such as in the method development 

experiments, paper samples were selected at random from the background paper 

population.  

 

VSMOW2 and SLAP2 water samples were obtained as 0.25μL in pre- sealed silver 

tubes from the United States Geological Service (USGS, 

http://isotopes.usgs.gov/lab/referencematerials.html, USA) with δ18OVSMOW abundance 

values of 0 and -55.5 ‰ respectively. 

 

Individual samples were dropped from a helium purged Costech Zero Blank 

autosampler into the graphite furnace of a TC/EA packed with glassy carbon, as 

shown in Figure 5.1 (Thermo Finnigan, Bremen, Germany). The furnace was set to a 

temperature of 1400°C and was connected to a 0.5 metre packed molecular sieve 

heated to 60°C with the helium carrier gas set at a pressure of 120psi. The TC/EA was 

connected to a ConFlo III and a DELTAplus XP IRMS (Thermo Finnigan).  The 

sample peaks were scaled against pulses of CO reference gas with a purity of 

99.999%, set at a peak height of approximately 4000mV, with helium dilution on prior 

to the sample detection window to ensure that no isobaric interference (peak overlap) 

from N2 was encountered. Reference gas pulses were set to 20, 200, 240 and 280 

seconds (for 20 seconds duration), with a total measurement time of 340 seconds.  
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Figure 5.1: Configuration and materials used in the furnace of the TC/EA 
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The correction of unknown results and the statistical tests undertaken are consistent 

with those previously described in Chapter 2.  

The target performance characteristics of the oxygen method are similar to those 

presented for the carbon method in Chapter 2. To avoid repetition, the sample design 

experiment results for carbon were adopted and utilised for the measurement of 

oxygen. This included the number of replicates, placement and use of standard and 

QA materials within analytical sequences. Throughout these experiments and the 

measurement of paper values in the following chapters, the adoption of these 

parameters was observed to produce results that were fit for purpose for oxygen 

measurements.  

 

The focus of the method development experiments was to ensure that the instrument 

response was linear for increasing sample weight and hence to determine the most 

appropriate sample size based on the linear range of the materials. Concurrently, the 

sample response was observed for isobaric interference to ensure that if it occurred, 

that the method was optimised to reduce the effects on the sample peak.  

 

The samples utilised for the linearity/sample size experiment are included in Table 

14.8. As this experiment aimed to measure instrument response only, a single replicate 

was measured at each weight point. Additionally, no data correction was made and the 

raw instrument δ values were used to investigate linear range.  

 

International standard waters VSMOW2 and SLAP2, used to anchor the calibration 

scale for hydrogen and oxygen isotopic measurements, were run using the method 

under development here. This was done for two reasons – firstly to check that the 

results produced using this method, including isotopic scale normalisation processes 

described in section 1.6, produced results that were traceable to the primary scale 

anchors. The second reason was to begin a quality control protocol that will be used to 

monitor instrument performance over time.  
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The method validation activities described in Chapter 2 were combined into a single 

reproducibility experiment that was conducted over a period of 12 weeks. The 

precision and stability of the instrument was assessed during this period, with 

replicates of the same materials - international standard cellulose IAEA-CH-3, 

Polyethylene Glycol (PEG) and Coumarin – run in replicates of 8 in weeks 1, 2, 3, 4, 

6, 9 and 11. The accuracy of the method was determined by comparing these results to 

the laboratory or working values either determined in-house (for international 

cellulose) or by another forensic laboratory (for PEG and Coumarin). To test 

robustness, the preparation of the samples was shared between three operators over the 

12-week period.  

 

The aim of the sample drying experiments was to determine the most appropriate 

sample handling procedure for removing all absorbed water from paper samples prior 

to measurement. IAEA-601, IAEA-602, IAEA-CH-3 and three paper samples were 

dried in an oven for 24 hours at 60°C prior to measurement, with the capsules either 

crimped or uncrimped. Replicate samples for comparison were prepared but held in a 

desiccator at room temperature prior to measurement. All samples were measured in 

triplicate and in one analytical sequence. As some of the target materials are the 

international standards used for correction, uncorrected raw delta values were used for 

comparison. 

 

Precision and stability were determined by monitoring the international benzoic acids 

IAEA-601 and IAEA-602 over an 18-month period. International cellulose was also 

measured over this period both for monitoring purposes and to calibrate a laboratory 

value.  

 

The method developed was utilised in two FIRMS inter-laboratory trials, for the 

measurement of nylon, magnesium stearate and vanillin. Raw values were scale 

normalised using IAEA-601 and IAEA-602 and 10 replicates were measured and used 

to compare the AFP laboratory method with the values obtained by a number of 

different laboratories internationally.  
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A linearity experiment was conducted to determine whether a consistent instrument 

response and δ18O value was observed for four materials – paper, IAEA-601, IAEA-602 

and IAEA-CH-3. The instrument responses vs. sample size values (termed linear 

response) are shown in Figures 5.2 to 5.5. The linear range values are shown in Figures 

5.6 to 5.9. The numerical values are included in Table 14.8. 
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Figure 5.2: Linear response for δ18O of paper  

 

 
Figure 5.3: Linear response for δ18O of IAEA-CH-3 

 

 
Figure 5.4: Linear response for δ18O of IAEA-601 
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Figure 5.5: Linear response for δ18O of IAEA-602 

 

 
Figure 5.6: Linear range for δ18O of paper 

 

 
Figure 5.7: Linear range for δ18O of IAEA-CH-3 
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Figure 5.8: Linear range for δ18O of IAEA-601 

 

Figure 5.9: Linear range for δ18O of IAEA-602 
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The linear response plots show that the instrument response is linear for increasing 

sample size. This indicates equal sample conversion with increasing weight, with all 

linear trend lines except IAEA-602 higher than 0.99. Utilising IAEA-602 over a large 

number of runs has shown that this standard is quite variable and may be more prone 

to either absorption of water or sublimation, as shown in its slightly lower linearity 

value.  

 

The delta values for IAEA-602, as shown in the linear range plot, are also much more 

variable than observed for the other materials. It was hypothesised that this variability 

may be due to the crystalline structure of the material, which when being sampled was 

seen to be more uniform but larger in size than IAEA-601, resulting in more surface 

area for absorption of water. Attempts to homogenise the material to a finer powder 

with a mortar and pestle proved unsuccessful, with a large amount of static being 

produced. This resulted in the powder being impossible to dispense into capsules.  

 

Overall, the linear range plots showed that a sample size greater than 250μg is 

required to achieve reproducibility and stability for the delta values measured. Based 

on this sample size, the method was shown to produce consistent combustion, with all 

peaks baseline resolved. An example of a chromatogram for the oxygen measurement 

of IAEA-601 and for a document paper is shown in Figure 5.10 and Figure 5.11 

respectively.  
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Figure 5.10: Typical chromatogram for measurement of oxygen in IAEA-601 

 

 

 
Figure 5.11: Typical chromatogram for measurement of oxygen in document paper samples 
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Pre-weighed samples of the standard waters VSMOW2 and SLAP2 were obtained from 

the USGS and run in-house to determine the slope of the calibration line for the 

VSMOW/SLAP scale. The results for the calibration are shown in Figure 5.12.  

 

 
Figure 5.12: Calibration of VSMOW and SLAP2 International Standards 

 

 

The calibration of VSMOW2 and SLAP2 shows good correlation between the measured 

and true values (stretch factor of 1.0033). Isotopic scale normalisation procedures were 

observed to be fit for purpose. The results of these measurements will be used as the 

start of an internal quality assurance check that will be conducted on the instrument at 

least every 6 months to ensure consistent instrument performance, which is traceable to 

international primary reference standards over time.  

 

The purpose of calibration of unknown samples using standard materials that have been 

scaled to a master scale (for oxygen this is the VSMOW/SLAP scale) is to ensure 

international traceability between laboratories. While precision of measurement is most 

easily observed through the standard deviation of replicate measurements for 

homogenous materials, comparability of values between runs is essential for tasks such 

as constructing background databases, international comparison/publication of results 
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and conducting experiments on large datasets that cannot be measured in a single 

analytical sequence.  

 

The measurement results for the three unknown materials coumarin, PEG and cellulose 

over a period of 11 weeks are shown in Table 5.1.  
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Table 5.1: Mean δ18OVSMOW (‰) ± 1 Std Dev (‰) results for replicates of coumarin, PEG and international cellulose run 

over 12 weeks.  
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As homogeneity was assumed for these materials, a parametric ANOVA with the Holm-

Sidak’s multiple comparisons test was utilised to examine the results of the weeks using 

GraphPad Prism.  

 

Significant differences were observed from the results of the ANOVA test for all three 

of the unknowns. What was apparent amongst these results however was that significant 

differences were observed between week 2 and the measurements obtained from other 

weeks. Significant differences were also observed for the comparisons that included the 

week 9 results.  

 

Looking more closely at the week 2 results, issues were encountered with the correction 

of the data due to inconsistent measurement results for the benzoic acid international 

standards. This was most evident in the large standard deviation values calculated for 

both standards –1.44 ‰ for IAEA-601 and 1.65 ‰ for IAEA-602. Due to the large 

range of variation observed, no single values were identified as outliers using Grubbs 

test.  

 

Manually excluding a number of the values, reproducibility was most accurately met by 

manually removing all but two measurement values for each benzoic acid standard. This 

is not ideal however as reproducibility was clearly not being met in this analytical 

sequence. The linear calibration equation was calculated to be y = 1.0174x – 7.0249. 

Using this correction, the values obtained for each of the unknowns were still 

significantly different to the other weeks’ values and offset around 2 ‰.  

 

Observing the chromatography of the benzoic acid standards for this week, the average 

peak height (for mass 28) was 524 and 414mV for IAEA 601 and IAEA 602 

respectively. This was mirrored in both sets of standards, at the start and at the end of 

the analytical sequence, suggesting that this was not an instrument issue. The peak 

heights for the unknown materials were around 4000mV, as expected, confirming that 

this was either a sample or sample handling issue originating from the international 

standard materials. This issue is more closely examined in the drying experiments 

discussed below and the week 2 results have been excluded from inclusion in the 

reproducibility results here, as they would have been in a casework situation.  
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The week 4 results were also observed to have low peak heights for the international 

benzoic acid standards, which were again reflected in the corrected results for the 

unknown samples. The peak heights are not as low as the week 2 peaks however, and if 

the results had been obtained in a casework situation the samples would have been re-

measured.  

 

The original examination protocol for the reproducibility experiment included drying of 

the samples in open silver capsules at 60°C for at least 1 hour prior to crimping and 

loading onto the autosampler. Ensuring that residual moisture is removed prior to 

measurement is highlighted in a number of publications (Carter, 2011, Carter and Fry, 

2013, Qi and Coplen, 2011), by drying over a desiccant material with or without the 

addition of heat and vacuum.  

 

In week 2, the prepared analytical sequence was placed in a 60°C oven for approx. 4 

hours, with the sample capsules open. After the lower peak heights were observed on 

the chromatograms for the international standard benzoic acids, a closer look at the 

properties of the materials was undertaken which found that at 60°C the benzoic acids 

are likely to partially sublimate and hence sample loss would occur (NIST, 2011). The 

amount of sample loss would increase with the amount of time the sample is held at 

higher than room temperature, explaining the increased sample loss for the week 2 

samples that were left in the oven for longer than the one-hour time period specified in 

the initial procedure.  

 

In response to these observations, a drying experiment was undertaken to more closely 

observe the sample loss over time. In addition, a decision was made to remove the 

drying stage completely from the reproducibility experiments from week 5 onwards.  

 

Overall, reproducibility was not achieved when directly comparing the values of the 

materials week to week. This is seen in the ANOVA results and in the multiple 

comparison tests, with all groups included or with outlier/problematic groups removed. 

This is partially due to the good repeatability and low standard deviation values in 

individual weeks, but also due to correction issues which have made the results largely 

incomparable between weeks. The collated standard deviations for the materials, with 

the week 2 results removed, are higher than the published tolerance for oxygen 
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measurements of 0.5 ‰ (Carter, 2011) calculated at 0.54 ‰ for coumarin, 0.84 ‰ for 

PEG and 0.52 ‰ for international cellulose. This indicates that reproducibility was not 

achieved in this series of measurements.  

 

While reproducibility was not demonstrated, there are a number of key points which 

once improved would likely solve and meet the requirements of reproducibility. These 

include: 

• More stringent monitoring and exclusion of analytical sequences when the 

results obtained deviate from expected behaviours; 

• The use of a QC chart for international standard materials; and 

• The use of matrix matched QC materials (and QC charts). 

 

It is evident that the selection of materials used in this reproducibility experiment was 

not ideal. The use of PEG as an unknown material, which is clearly outside of the 

bracketed values of the international benzoic acid standards is not recommended. 

Likewise, coumarin sits outside the bracketed values, though not to the extent of PEG. 

This is highlighted as an issue for calibration in a number of publications (Werner and 

Brand, 2001, Meier-Augenstein, 2010) as a core principle of standard material selection. 

Realistically, the inclusion of these materials as unknowns was a decision that was 

made in an attempt to validate materials that were the most similar to materials of 

forensic interest with values that had been defined by other laboratories.  

 

It should also be noted here that while reproducibility was not achieved, the precision of 

the method was demonstrated within single weeks with low standard deviation values 

for all materials observed. This means that samples that are run within the same 

analytical sequence are readily comparable and can be used to characterise and compare 

samples for casework purposes. Future work to address these reproducibility issues is 

required, which will need to focus primarily on international and quality control 

standards so that cross comparison of results between runs will be able to be achieved. 

Overall, these experiments showed that reproducibility cannot be assumed and that 

continuous close monitoring and exclusion of sequences that show issues with the 

chromatography or scale normalisation is required.  
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The implications of these findings on this project are minimal as issues with 

reproducibility and between-sequence comparisons were noted and accounted for in the 

designation of the benchmark values for discrimination presented in Chapter 6. 

Reproducibility was also increased due to the consistency of the sequences run and the 

use of a single material type, which was properly bracketed within the international 

standards utilised. The measured value for the QC material used within the paper 

sequences (IAEA-CH-3) was also comparable across runs. 

 

Robustness was included as a factor in these experiments by varying the operators used 

to prepare and run the samples. No observable difference could be attributed to the 

operator.  

 

To determine a method for removing excess water from the samples, within the current 

capabilities and set-up of the AFP laboratory, an oven drying experiment was 

undertaken with IAEA-601, IAEA-602, IAEA-CH-3 and three papers. The mean raw 

δ18OVSMOW values are shown in Table 5.2.  
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δ18OVSMOW 
Uncrimped, 
Oven Dried 

δ18OVSMOW 
Crimped, 
Oven Dried 

δ18OVSMOW 
Uncrimped, 
Undried 

IAEA-601 
 

Mean 
Nil sample 
peaks 

32.47 32.07 

St Dev 
 

0.10 0.08 

IAEA-602 
 

Mean Nil sample 
peaks 

79.23 81.39 

St Dev 
 

0.77 0.39 

International 
Cellulose 

Mean 41.10 41.01 40.37 

St Dev 0.10 0.11 0.30 

Paper 1 
 

Mean 35.61 35.44 35.40 

St Dev 0.11 0.08 0.12 

Paper 2 
 

Mean 38.24 38.05 37.92 

St Dev 0.02 0.01 0.00 

Paper 3 
 

Mean 33.61 33.37 34.26 

St Dev 0.18 0.05 0.00 

Table 5.2: Summarized data for sample drying experiments 

 

The drying experiments showed that there was complete sample loss for IAEA-601 

and IAEA-602 when the capsules were left uncrimped in the oven. For the crimped 

samples that were dried in the oven, the peak heights were reduced by almost 50%. 

This shows that drying the sample at 60°C is not a suitable preparation for benzoic 

acids, or that the drying duration used in this experiment was too long.  

 

There were no visible trends in the standard deviations for the international cellulose 

or paper samples between dried and undried. Overall, holding the samples in a 

desiccator was observed to be an appropriate sample handling method for these types 

of samples with relatively low standard deviation values observed.  

 



Oxygen Isotopes – Method Development and Validation 

 153 

Throughout the experiments detailed here for the measurement of the oxygen isotopes 

of paper, the results for IAEA-601, IAEA-602 and IAEA-CH-3 were collated as 

quality control charts to understand the performance and accuracy of the instrument 

over time. These are included as Figure 5.13, Figure 5.14 and Figure 5.15 with the 

data summarised in Table 5.3. For these figures, the red line denotes the grand mean 

value for this sample set, while the dashed lines are 2 x the standard deviations.  

 

Overall the instrument was found to produce comparable results, with some trends 

over time. Deviations away from the mean expected value are observed particularly in 

the IAEA-CH-3 plot where values can be seen to rise in groups. This is due to 

correction and in particular, correction issues due to the benzoic acid international 

standards. The comparability of results appears to be increasing over time however as 

the results are becoming more consistent and trending closer to the grand mean of all 

measurements.  

 

Instrument stability is observed to be increasing over time as the method was 

developed, as shown in the IAEA-601 plot. The reproducibility of IAEA-602 is an 

issue however, with a number of values consistently sitting outside of the 95% 

confidence intervals plotted.  

 

Due to the stability issues and the linearity results, caution needs to be used when 

using IAEA-602 for correction of casework samples. While it would be prudent to 

remove this standard from use all together, there were no alternative organic 

international standard materials available as a substitute. To address these issues, a 

number of water standards (VSMOW, SLAP2 and GISP) will be used to calibrate a 

suitable working material to replace IAEA-602 in the future, outside of this project.   
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Figure 5.13: IAEA-CH-3 measured as a quality control material over the course of 18 months of 

experiments. 

 

 

Figure 5.14: Corrected values for IAEA-601, used as a standard material over the course of 18 

months of experiments.  
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Figure 5.15: Corrected values for IAEA-602, used as a standard material over the course of 18 

months of experiments.  

 

 

  
δ18O 
Mean 
(‰) 

St Dev 
(‰) 

95% CI 
(‰) 

Number of 
Samples 

δ18O 
Published 
Value (‰) 

Published 
St Dev 
(‰) 

IAEA-601 
Benzoic Acid 23.33 0.44 0.89 312 23.3 0.3 

IAEA-602 
Benzoic Acid 71.38 1.63 3.26 276 71.4 0.5 

International 
Cellulose 

31.99 0.62 1.24 92 N/A N/A 

Table 5.3: Summary of the analytical results obtained for three international standard materials, 

measured over time for their δ18OVSMOW (‰) values 

 

 

   Inter-laboratory trials 

The method validated here was utilised in two inter-laboratory trials over the course of 

12 months to analyse three materials. An explanation of the calculation of z-scores is 

included in Chapter 2.  

 

The z-scores obtained for the three materials nylon, magnesium stearate and vanillin 

were 0.32, -0.09 and -0.62 respectively. These scores show that the results obtained are 

comparable to other laboratories with all z-scores calculated at a score less than 1.  
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The method presented here was shown to be precise, accurate and to produce results 

that are comparable within an analytical sequence. Issues with comparability between 

sequences were encountered with reproducibility not being met between cellulose and 

other organic samples run on different days. Future work to be undertaken to improve 

these results will include the calibration of matrix matched laboratory standard 

materials with greater homogeneity than the current international standard benzoic 

acids, in particular IAEA-602.  

 

Sample handling was shown to be a key issue for the measurement of oxygen isotopes, 

in particular for the benzoic acid international standards that were shown to sublimate 

if left above room temperatures (i.e. if dried in an oven) for any length of time. There 

was no effect on the δ18OVSMOW values of paper or international cellulose from the 

drying processes tested indicating sample stability for these sample types. Storing 

samples to dry in a desiccator was shown to be an appropriate alternative treatment for 

samples. 
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The key results of this chapter have been published in (Jones et al., 2016). The 

published article is included electronically within Appendix 5.   

 

 
 

As prior studies utilizing isotope ratio mass spectrometry of paper have shown, a 

greater level of discrimination can be gained with the use of multiple stable isotopes 

(van Es et al., 2009). For an organic sample such as paper, the high cellulose content 

of the material lends itself towards the use of oxygen and hydrogen isotopes in 

addition to the carbon isotopes previously studied. These two isotopes, and hydrogen 

in particular, come with inherent problems related to absorption and exchange of water 

from the atmosphere to the surface of the cellulose molecules. Given this, oxygen was 

selected as a more consistent isotope to add to carbon in an attempt to increase the 

discrimination of papers using IRMS.  

 

Once a precise and accurate analytical method was defined, the primary aim of this 

chapter was to conduct a background study of the same paper sample set measured for 

carbon isotopes. To aid in interpretation, the homogeneity studies utilised for carbon 

isotopes were also undertaken here to determine the relative consistencies or 

inconsistencies within and between different brands or manufacturers of paper.  

 

 
 

The analytical method used for these measurements is outlined in Chapter 5. All 

samples were run against international standard benzoic acids IAEA-601 and IAEA-

602, with international cellulose IAEA-CH-3 acting as a quality control material.  
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The background paper samples run are detailed in Table 14.3. Likewise, the paper 

samples measured for the homogeneity experiments are the same as those in Table 3.1, 

excluding the substitutions of HP Everyday and Paper One branded samples 

(originating from Brazil and Indonesia respectively) which have replaced the Double 

A and Olympic samples from the first round of testing.  

 

The standards and samples measured in these experiments did not include any drying 

prior to measurement, except being held in a desiccator at room temperature before 

immediately being transferred to a sealed helium purged auto-sampler.  

 

 
 

 
123 of the 125 background samples measured for carbon were measured for their 

oxygen isotopic values, and were measured between 17 ‰ and 32 ‰. The background 

papers measured are plotted in Figure 6.1 as a scatter plot, and organized via their 

region of origin in Figure 6.2 and Figure 6.3. The summarized data is included in 

Table 14.3. 

 

 

 
Figure 6.1: Mean δ18OVSMOW (‰) values of 123 virgin pulp papers collected from Australia and 

New Zealand 
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Figure 6.2: Mean δ18OVSMOW (‰) values of 123 virgin pulp papers plotted by region of origin 
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Figure 6.3: Summary of mean δ13CVPBD (‰) for region of origin of papers, with error bars denoting 

1 x standard deviation 

 

 

A relationship is observed between region of origin and δ18O value. The strength of 

this relationship appears to be weaker for oxygen than for carbon however.  

 

Due to the wider range observed, there is likely a larger potential for discrimination of 

samples using oxygen isotopic abundance values than carbon. With respect to the 

ability to assign a region of origin, this appears to be more complex than for carbon, 

due to the increased overlap of values. This is clearly shown in Figure 6.3, with for 

example, the Australian, Chinese and South African papers overlapping. 

 

Comparing Australian virgin pulp papers with the Australian recycled papers in Table 

6.1, the seven samples measured sit within the expected range for this region. This 

indicates that recycled papers are comparable to the Australian region for 

provenancing purposes.  
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Brand Name % Recycled Content  
 

Mean δ18OVSMOW 

(‰) 
Standard 
Deviation (‰) 

Australian 10% 27.31 0.11 

Australian 10% 27.13 0.00 

Australian 10% 27.35 0.17 

Australian 10% 28.51 0.17 

Australian 10% 27.46 0.09 

EXPGreen50 50% 28.17 0.13 

Reflex Recycled 50% 27.65 0.04 

Table 6.1: Recycled papers, mean δ18O VSMOW and standard deviation for 7 recycled papers 

collected as samples for comparison to virgin paper background samples 

 

Australian papers within the background population were plotted over time utilising 

the packing date contained on the ream packaging, as shown in Figure 6.4. The reams 

were produced between April 2009 and February 2013. No significant trends can be 

observed that could be interpreted as cyclical or representative of seasonality however, 

there are some differences in the values. This difference lies in the same time period as 

was previously observed for the carbon results. This suggests that there may have been 

a manufacturing or source material value shift during this period. Sample numbers 10 

and 15 in Figure 6.4 refer.   
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Figure 6.4: Mean δ18OVSMOW (‰) values of Australian paper samples collected over time, plotted in 

order of their packing date 

 

To further assess whether the shifts in values are due to seasonality, an average per 

season was calculated and plotted in Figure 6.5. While there does appear to be some 

movement in the values between groups, it is not cyclical or repeatable between 

seasons. There does appear to be an overall trend towards enriched values however, 

which is likely to be due to a source material change since the enrichment is consistent 

across seasons.  

 

 
Figure 6.5: Mean δ18OVSMOW (‰) values of Australian paper samples averaged per season, from 

2009 until 2012.  
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The mean and standard deviation results for the paper homogeneity measurements 

taken within a single ream are detailed in Table 6.2. The sample names have been 

abbreviated where S= sample, P = page and L = location.  
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Table 6.2: Measured δ18OVSMOW (‰) abundances from single ream homogeneity testing. 
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With reference to a 95% confidence interval for discrimination, the results 

demonstrate the potential for discrimination of some brands within a single ream. This 

means that, in agreement with the carbon results, a 95% confidence interval is 

inappropriate for use. Avoiding the use of this kind of discrimination will prevent the 

false exclusion of results, aid in establishing an appropriate ‘source level’ for this 

material and take into account the inhomogeneity of the material. The potential for 

discrimination within a single ream is shown in the box-plot for the Docucopy ream 

below in Figure 6.6e where discrimination between a number of groups (that had 

varied in sampling) would have occurred if a 95% confidence interval was used.  

 

Figure 6.6 (a-g) also demonstrates that for the reams with groups that are 

inhomogeneous, there is a greater magnitude of difference between the groups than 

seen in the carbon results. The standard deviations for each of the groups, plotted in 

Figure 6.7, show that for the measurement of oxygen isotopes the standard deviation is 

likely to sit between 0.1 and 0.2 ‰ but not higher than 0.35 ‰. Defining the 

benchmark value as 2 x the highest likely standard deviation for a sample group would 

derive a value of 0.7 ‰ on either side of the sample measurement (a total range of 1.4 

‰). Taking into account the grand mean of the sample for each brand however, this 

would be extended to a value of 1 ‰ (total range of 2 ‰).  

 

Looking at the results for the Kruskal-Wallis ANOVA test and the boxplots in Figure 

6.6 (a-g), statistically significant differences were observed between the means of the 

25-page sample group when compared to other sampling groups for five of the seven 

brands (all brands excluding Reflex and Paper One). There are two likely reasons why 

these consistent differences were observed. When conducting this experiment, due to 

the number of samples being measured, two experimental sequences were utilised. 

The first contained the smaller sampling groups while the second contained only the 

25-page sample group. This may have contributed to a small offset being introduced 

between the analytical sequences that are likely due to small differences in isotopic 

scale normalisation between sequences.  

 

Alternatively, the 25-page sample group may be better at recording the true mean of 

the ream being measured. While the use of international standards for correction is 

designed to protect against these kinds of effects, the behaviour of IAEA-602 in 
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particular makes this a credible explanation. Given that the offset is seen in a number 

of brands (as shown in the box plots), an instrument effect seems more likely than a 

sampling effect. Where differences between the paper samples run in different 

sequences, the effect was mirrored in the international cellulose values. As 

international benzoic acid standards were responsible for correction of unknown 

values, they could be corrected to the assigned value without issue.   

 

Given these observations, while the use of a higher benchmark value does introduce a 

limitation to the discrimination power achieved, a second extended benchmark value 

is proposed to allow for these findings. This proposal is supported by the 

reproducibility experiment in chapter 5, that showed that the method may not produce 

results that are as directly comparable between runs as first assumed.  

 

In terms of sampling, there was no significant difference between the mean values 

obtained when sampling 3 or 7 samples and when taking samples from a single or 

multiple (random) locations on a page. Observationally, there is some suggestion from 

the plot of the standard deviations (Figure 6.7) that sampling from a single location 

may capture more of the variation seen in a single page, however it is not apparent that 

this is the case. 

 

While there is no statistical evidence to support it, best practice would suggest that 

when able, 7 samples should be taken to characterize a single page. This should be 

considered in terms of sequence length however, with preference given to running 

samples for comparison within one analytical sequence to maximise comparability.  

 

Logically it would seem to be inappropriate to take less than 7 measurements from 7 

pages as an indication of the true value of a ream, given that a ream is comprised of 

500 sheets. In terms of characterizing a ream, there is no statistically significant 

benefit derived from taking 25 samples from 25 pages to characterize a ream over 7 

samples from 7 pages. Given this, in casework situations the recommended number of 

sheets to sample for a ream (or close to a ream) of paper is as many samples as 

practicable but no less than seven sheets.    
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Figure 6.6 (a-g): Boxplots of δ18OVSMOW (‰) values for single ream homogeneity 

a b 

c d 

e f 

g 
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Figure 6.7: Mean δ18OVSMOW (‰) values for seven different brands measured during homogeneity 

and sampling tests. 

 

Figure 6.8: Standard deviation values (‰) for homogeneity and sampling test
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To determine the ability of isotopic abundance to discriminate between reams from the 

same source, and to examine the expected level of homogeneity within a single brand 

of paper, 7 reams from the same 7 brands were measured for their δ18O values. The 

mean and standard deviation for the seven reams is detailed in Table 6.3.  

 

The standard deviation per ream was the highest for the Docucopy branded reams. 

This was followed by the Lazer IT and Officemax brands. The Docucopy and 

Officemax reams also had the highest standard deviations when measured for δ13C, as 

reported in Chapter 3. The boxplots for these reams are shown in Figure 6.9 with the 

error bars set to represent the 95% confidence interval.  
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Table 6.3: Mean δ18OVSMOW (‰) and standard deviation (‰) results for between ream homogeneity. 
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Figure 6.9 a-g: Boxplots denoting the mean δ18OVSMOW (‰) and standard deviation (‰) for seven 

reams from seven different brands 

 

a b 

e f 

g 

d c 
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The results for oxygen are very similar to the carbon results. The Reflex, Lazer IT, 

Docucopy and Olympic reams would not be discriminated from one another utilizing 

either a 95% confidence interval or a benchmark value. As these reams were all 

packed on the same day/time, this implies that measurement and hence discrimination 

of paper reams is at the batch level rather than the singular ream level.  

 

Officemax and Double A showed clear differences in the F and G reams, which are 

consistent with the carbon results. While both the Officemax F and G reams would be 

discriminated using a 95% confidence interval and either of the 0.7 and 1 ‰ 

benchmark values, only the G ream in the Double A brand would be easily 

discriminated.  

 

The F ream for this brand would be discriminated by a 95% confidence interval of the 

measured samples but would not be discriminated with the more conservative use of a 

benchmark value. The difference between the F ream and the other sample groups is 

approximately 0.3 to 0.4 ‰, which was seen within the natural variation range for a 

number of ream samples in the single ream homogeneity experiment described in the 

previous section. Therefore, if this were a casework situation, we would not be able to 

discount the proposition that those two groups of samples had come from the same 

batch of paper.   

 

Statistically, Dunn’s post-hoc test showed differences in a number of brands including 

the Fuji Xerox (A vs. E and F), Reflex (B vs. F and G, C vs. G) and Olympic (A vs. E, 

F and G) brands. Though statistically significant, the magnitude of the difference is 

small, and given the small standard deviation values it is inappropriate to discriminate 

given the inhomogeneity of paper. The Lazer IT and Docucopy brands did not have 

any statistically significant different reams. This is likely due to the increased 

heterogeneity recorded for these reams, making differences more difficult to register 

given the larger standard deviation values.  

 

 
Two benchmark values are being proposed for use for discrimination of paper– a value 

of 0.7 ‰ for samples that have been run within the same analytical sequence and a 
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value of 1 ‰ for samples that are being compared between analytical sequences to 

account for potential instrument shift.  

 

Using these two benchmark values, the 123 background samples were compared to 

determine the effectiveness of discrimination using oxygen isotopic abundance values. 

7504 pairwise comparisons were made, from which 6135 and 5658 pairs of papers 

could be discriminated from each other utilizing the 0.7 and 1 ‰ benchmark values 

respectively. The discrimination power is 82% for 0.7 ‰ and 75% for a 1 ‰ 

benchmark value. Both of these discrimination powers are larger than the carbon 

discrimination power of 68%. A combined discrimination using carbon and oxygen 

isotopic abundance is assessed in Chapter 10. 

   

 
 

123 paper samples were measured for their oxygen isotopic abundance values. 

Correlations were observed between the source of the ream and the δ18O values 

measured, however there was more overlap observed than in the carbon results.  

 

The variability and hence potential for discrimination of the oxygen isotope ratios of 

paper was found to be larger than the carbon results and this is not unexpected given the 

wider range that the oxygen values were observed to sit within. The maximum standard 

deviation for over 50 samples taken from a single ream was observed to be 0.54 ‰. This 

figure is likely exaggerated however due to differences introduced by using two different 

analytical sequences to measure the samples rather than one. For the same ream, the 

standard deviation from measuring 25 pages was observed to be 0.21 ‰.  

 

Based on these observations, two benchmark values are proposed for use – 0.7 ‰ for 

papers that have been measured within the same analytical sequence and 1.0 ‰ for 

between sequence comparisons.  

 

These benchmark values were observed to be robust within the inter-ream homogeneity 

experiments. Utilised to cross compare the 123 background samples, a discrimination 

power of 82% for 0.7 ‰ and 75% for a 1 ‰ was calculated.  
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Focused on repeating the work conducted for carbon isotopes, this chapter aims to 

examine the external influences that may impact on the use of oxygen isotopes for the 

discrimination of document papers. While a benchmark/discrimination value has been 

experimentally defined for the comparison of the δ18O values of papers, there are a 

number of other factors that require consideration during interpretation. Examining 

these factors experimentally, allows the consideration required for interpretation to be 

identified, quantified and recorded for future casework reporting.  

 

The experiments conducted in this section mirror those undertaken Chapter 4, 

including an examination of the effect of the production and printing processes on 

oxygen isotopic abundance values. In addition, a short series of experiments was 

undertaken to determine the effect of the environment and forensic testing on paper 

δ18O values.  

 

 
 

The instrumentation, equipment and method used to measure the oxygen isotopic 

abundance values in this chapter are detailed in Chapter 5. Additional detail regarding 

sample collection and preparation is included in the material and methods section of 

Chapter 4.  

 

Statistical tests were undertaken using Microsoft Excel® and GraphPad Prism version 

5. When assessing the statistical significance of differences observed between groups 

of values, the Kruskal-Wallis Non-Parametric Analysis Of Variance (ANOVA) 

followed by a Dunn’s Multiple Comparison Post-Hoc test was used. Otherwise, the 
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experimentally defined benchmark value determined in Chapter 5 (0.7 ‰) was used to 

assess whether values could be discriminated.  

 

 
As for the carbon experiments, the following samples were collected and measured for 

their δ18O abundance values from different stages of the production process: 

• Whole eucalyptus wood chip (Wood Chip) 

• Post-digester unbleached eucalyptus pulp (Unbleach Euc) 

• Samples from within the bleaching/whitening process  

o Post oxygen wash (Ex O) 

o Post ozone and peroxide wash (Ex ZD) 

o Post caustic soda, oxygen and peroxide wash (Ex EOP) 

o Post chlorine dioxide wash (Ex D) 

• Refined bleached eucalyptus (Refined Bleach Euc)  

• Refined bleached pine 

• Directly from the paper decal roll, post paper production (Paper Decal) 

• Paper packed into reams for shipping (Paper Packed) 

• Bulk measurements for packed paper and paper decal 

• Paper filler material – Calcium Carbonate (CaCO3) 

 

Cellulose extracted and bulk samples were measured by the University of California at 

Berkeley with additional bulk samples measured at the AFP laboratory. Measurements 

made in both laboratories were referenced against international standards and as such, 

are comparable to demonstrate the effect of the production process on sample values.  

 

The acidification experiment was undertaken within the AFP laboratory and was 

repeated separately to the carbon experiment. While there was sample remaining after 

the carbon experiments were undertaken, over 18 months had elapsed before the 

oxygen samples were analysed. Given the time difference, it is feasible that trace 

residues of acid could have further degraded the paper cellulose over that time, 

skewing the abundance values measured. A small change to the experimental method 

was made from the carbon experiments with the samples washed then dried on 

Whatman filter paper (Sigma Aldrich, Australia) without the use of a vacuum. This 
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sped up the acidification process and was not observed to change the reaction or ease 

with which the samples were washed to remove the residual acid. Fewer samples were 

measured than for carbon, with the number of replicate samples reduced. The samples 

selected and measured are shown in Table 7.3. 

 

 
250μg of sample was taken from a selection of the office printed samples utilised in 

Chapter 4 with a 2mm micropunch (Harris Unicore, LabSciTech, Australia). 

Repetition of brand and model of printed was removed in these experiments, based on 

the results obtained in the carbon experiments. This reduced the number of samples 

from 46 to 22 for the toner printed samples and from 13 to 8 for the inkjet printed 

samples. The samples measured for their oxygen isotopic content are shown in Table 

14.9 (toner printers) and Table 14.11 (inkjet printers). For ease of comparison, the 

sample numbers were retained from the Chapter 4 experiments.  

 

Triplicate samples were taken from the non-image areas of the printed pages (i.e. from 

the blank sections) and from directly on top of heavily inked areas that had been 

printed using a bold font. These samples were compared to the plain unprinted paper 

results measured in the background population study to determine whether there was 

any effect on the oxygen isotopic values of the papers from the printing process. The 

printed samples measured will also be used to give a preliminary indication of whether 

IRMS may be a suitable technique for discrimination of the toner or inks.  

 

 
The range of tests measured for this section have been refined and targeted based on 

the results obtained in Chapter 4. For the tests that were removed from this section, 

further work may be required should these situations be presented in casework. The 

samples measured were retained from the carbon experiments and stored in plastic 

sheet protectors in the laboratory until measurement.  
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The following tests were undertaken: 

• Dirt/Dust 

The sheets were soiled by placing them on an outside concrete surface and 

applying pressure to maximise contact and adhesion of contaminants. Loose 

particles were dusted from the page prior to sampling  

• Fire 

The sheets of paper were charred by placing them above an open flame until 

mild discolouration occurred  

• Handling/Body Contact – Heavy 

Multiple fingers were held and rubbed on the sheets of paper for 5 minutes. 

The contact was very visible on the pages as body oils accumulated. Samples 

were taken directly from the contact area.  

 

For the forensic testing, samples were taken from sheets that had been subjected to 

fingerprint treatment using 1,2-Indandione-Zn and DNA collection via tapelifting. A 

more detailed description of these techniques is included in Chapter 4.  

 

 
 

 
The results from the cellulose extracted paper process samples are detailed in Table 

7.1. This table also details the bulk measurements collected for each of the processing 

stages. The main additives used in the process and their measured δ18O values are 

detailed in Table 7.2.  
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Production Step Step in Process 
Extracted Cellulose  
Mean δ18OVSMOW (‰)  

Bulk Sample 
Mean δ18OVSMOW (‰) 

Raw Wood Chip  29.96 ± 0.46 25.28 ± 0.51 

Unbleached eucalyptus  After pulping 31.04 ± 0.35 28.60 ± 0.48 

Ex O  First whitening step 31.33 ± 0.12 29.98 ± 0.10 

Ex ZD Second whitening step 31.02 ± 0.30 28.93 ± 0.20 

Ex EOP Third whitening step 30.99 ± 0.24 29.81 ± 0.86 

Ex D  Last whitening step 31.43 ± 0.13 30.26 ± 0.08 

Refined Bleached Euc 
Last step before mixing 
with other pulp and 
additives 

32.54 ± 0.21 30.34 ± 0.11 

Paper Decal After paper production 30.91 ± 0.08 28.77 ± 0.10 

Packed Paper  
After cutting and 
packing 

30.97 (single 
measurement only) 

28.59 ± 0.07 

Table 7.1: Cellulose extracted and bulk measured δ18OVSMOW (‰) ± 1 standard deviation for paper 

source and production samples 

 

 

Additive Name Extracted Cellulose Mean 
δ18OVSMOW (‰) 

Bulk Sample Mean 
δ18OVSMOW (‰) 

Dry Bleached Pine  30.99 ± 0.20 30.51 ± 0.00 

Refined Bleached Pine  31.11 (single measure only) 30.38 ± 0.04 

Calcium Carbonate Filler  N/A 22.92 ± 0.10 

 Table 7.2: Cellulose extracted and bulk measured δ18OVSMOW (‰) ± 1 standard deviation, 

for additives used in paper production 

 

A number of bulk measurement results obtained from the University of California 

Berkeley were used to assess the difference in values to the bulk measurement results 

obtained in the AFP laboratory. This duplication allows for an assessment of 

comparability and accuracy between the two laboratories. Any differences observed 

would indicate instrumental or correction differences between the two laboratories, 

which are expected, and would be used to inform the comparison between the 

extracted and bulk values. The bulk measurements made at the University of 
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California for the formed paper and packed paper were 29.41 ‰ and 29.31 ‰ 

respectively. The same measurements undertaken at the AFP laboratory were 0.64 ‰ 

and 0.73 ‰ different. This offset in values needs to be considered during 

interpretation of Figure 7.2 below.  

 

Examining the bulk measurements in Table 7.1, a fractionation in the material or a 

significant decrease in extraneous material is inferred with an enrichment of 3 ‰ 

observed between the values for whole wood chip and the unbleached eucalyptus (i.e. 

between raw wood chip and pulp). While an enrichment of values is observed in the 

cellulose extracted samples, the magnitude is much smaller. This indicates that there 

has been a significant removal of non-cellulosic contaminants during pulping but that 

the pulping step had only had a moderate fractionation effect (1 ‰) on the cellulose 

itself.  From here, through the whitening and production process to the packed paper, 

the δ18O abundance values remain relatively stable for both the cellulose extracted and 

the bulk measurements. There is a 0.5 ‰ shift in the values at the known mixing stage, 

when pine fibres and other additives, such as the isotopically lighter calcium carbonate 

filler material, are added to the eucalyptus base fibres. This is consistent with the 

carbon results at the same stage in the production process.  

 

Figure 7.1 is a plot of the δ18O values of the extracted cellulose from each stage in the 

production process. Figure 7.2 contains the same data, plotted against bulk 

measurements for the same samples. For both plots, error bars were omitted, as they 

were negligible at this scale.  

  



Oxygen Isotopes – Source, Handling and Forensic Sampling 

 180 

 

 
Figure 7.1: Mean δ18O values of cellulose extracted from samples collected throughout the paper 

production process  

 

 

 
Figure 7.2: Comparison of mean δ18O values of extracted cellulose (diamond markers) with bulk 

values (square markers) collected from throughout the paper production process 

 

 

The plotted cellulose extracted samples in Figure 7.1 show more clearly the first 

fractionation event due to the pulping process, with a difference between the raw 

wood chip and the unbleached eucalyptus. This is more pronounced in the bulk 

samples, indicating that there is significant loss of non-cellulosic material that is 

isotopically heavier than the cellulose in the wood chips. There is also a noticeable 

effect in the bulk sample in the later stages of the process with the bleached eucalyptus 
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samples and the paper decal being offset by over 1 ‰ compared to the refinement 

stages. This can be attributed to the contribution of calcium carbonate, which as a bulk 

material is significantly lighter at 22.92 ‰.  

 

A shift in values is observed after the addition of refined bleached eucalyptus for the 

cellulose extracted samples, with the value becoming 1 ‰ enriched relative to the Ex 

D sample. This shift is not retained during the next stage however with the paper decal 

value dropping below the other refinement stage results to 30.91 ‰. It is unclear from 

this data whether this shift is due to fractionation within the production process or due 

to an erroneous data point. The bulk samples do not reflect this shift, with the refined 

bleached eucalyptus sample staying consistent with the results observed at other stages 

of refinement. The difference between the refined bleached eucalyptus sample and the 

paper decal sample is observed in both the cellulose extracted and the bulk paper 

sample data.  

 

The changes throughout the production process are similar for both oxygen and carbon 

isotopes - a difference is observed in the pulping stage, followed by relatively 

consistent results throughout the refinement and whitening stages. A subsequent 

difference is observed between the mixing and actual paper production stage. The 

difference between the refined eucalyptus and the formed paper is larger than in the 

carbon results however and this is likely due to the calcium carbonate filler having a 

larger effect given the higher ratio of oxygen to carbon in the calcium carbonate 

compound (3:1). 

 

Overall, these results indicate that it is not possible to directly compare the results of 

bulk δ18O measurement with the source cellulose and hence a cellulose isoscape. The 

overall difference between raw cellulose and formed paper was observed to be 

approximately 3.5 ‰, which is expected to vary between brands depending on the 

type, amount and isotopic value of the filler material used.  

 

To determine whether hydrochloric acid acidification could be used as a simple 

method to measure the source cellulose value, acidification was undertaken on a 

number of papers using concentrated hydrochloric acid. The measurement results of 

the bulk versus acidified samples are shown in Table 7.3. Figure 7.3 shows the 
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difference between the two measurements. Australian papers showed a difference that 

was approximately equivalent to the production process results in Table 7.1.  

 

 

Sample 

Number 

Paper 

Country of 

Origin 

Bulk Paper Mean 

δ18OVSMOW    

± 1 St Dev (‰) 

After Acidification 

Mean δ18OVSMOW 

± 1 St Dev (‰) 

Difference (‰) 

43 Australia 28.23 ± 0.18 30.71 ± 0.16 2.47 

66 Australia 27.76 ± 0.17 30.70 ± 0.06 2.93 

75 Australia 27.99 ± 0.19 30.73 ± 0.07 2.74 

77 Australia 27.96 ± 0.09 30.83 ± 0.07 2.87 

79 Australia 29.36 ± 0.31 30.50 ± 0.17 1.14 

82 Australia 28.19 ± 0.21 30.60 ± 0.14 2.41 

83 Indonesia 19.46 ± 0.24 25.27 ± 0.08 5.81 

88 Indonesia 20.57 ± 0.09 25.22 ± 0.04 4.65 

89 Indonesia 20.18 ± 0.00 25.27 ± 0.04 5.10 

96 Indonesia 20.68 ± 0.88 25.42 ± 0.15 4.74 

103 Thailand 23.41 ± 0.12 26.69 ± 0.12 3.28 

109 Thailand 20.46 ± 0.08 26.69 ± 0.11 6.23 

111 China 24.18 ± 0.35 27.39 ± 0.07 3.21 

121 China 20.87 ± 0.21 25.22 ± 0.18 4.35 

Table 7.3: Paper δ18OVSMOW values before and after acidification  

 

 

 
Figure 7.3: Mean δ18O values of bulk paper (diamond markers) compared with the same paper 

samples after undergoing acidification (square markers).  
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Figure 7.3 shows that all samples had some effect from the acidification process on the 

δ18O values measured. From these results, it appears that the magnitude of the 

difference observed after acidification would depend on the type, amount and isotopic 

value of filler material used. The only papers with a ‘known’ filler type are the 

Australian made papers (calcium carbonate), and these react as expected, becoming ~3 

‰ enriched when compared to the bulk paper values. For other filler types, further 

investigation using different analytical techniques is needed to determine the type and 

quantity of filler material present. Consideration also needs to be given within the 

examination protocols and interpretation structures proposed, given that it is evident 

that IRMS is being used to examine materials that can no longer be considered to be 

chemically identical.  

 

While these and the carbon results show that there is potential for the use of 

acidification for the further discrimination of samples, additional experiments are 

required to show that the analytical method is consistently removing the same material 

in the same quantities (i.e. that the acidification process is repeatable) before being 

used for casework. At this stage, the acidification method seems only applicable for 

papers that utilise calcium carbonate type filler. Use of an additional analytical method 

prior to IRMS analysis could also be argued, to identify and discriminate samples 

based on the filler content. One suitable technique is X-Ray Diffraction (XRD), which 

can be used to identify crystalline substances. A pilot study of this technique is 

presented in Chapter 9.  

 

Overall, these results re-iterate that the paper production process contains both 

fractionation and mixing stages. Additionally, and more strongly than was seen in the 

carbon results, a direct comparison between the bulk paper value and a database or 

predicted raw cellulose value (e.g. through cellulose isoscapes) cannot be made for 

oxygen isotopes. A material specific isoscape containing measured values would need 

to be created for comparison to unknown values in future, if provenancing work was 

to be undertaken.  
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Table 14.10 and Table 14.14 detail the blank paper, printed paper (non-image area) 

and printed paper (image/text) δ18OVSMOW values for the 22 toner and 8 inkjet samples 

measured. The mean values in these tables are taken from triplicate measurements for 

each condition. Error! Reference source not found. and Figure 7.5 show plots for 

the data from each table, with the error bars representing the 0.7 ‰ 

benchmark/discrimination value utilised for discrimination of samples, as defined in 

Chapter 6.  
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Figure 7.4: Comparison of the mean δ18OVSMOW values of papers before and after printing using toner 
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Figure 7.5: Comparison of the δ18OVSMOW values of papers before and after printing using inkjet ink 
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The oxygen values closely mirror the results seen in the carbon measurements for this 

experiment. For the toner printed samples, as shown in Figure 7.4, the inclusion of 

toner has an effect on the majority of the δ18OVSMOW values measured. The effect of 

the inclusion of toner printing with the paper samples however was not observed to 

produce a uniform change in the isotopic abundance values measured. While the 

majority of the oxygen results showed depletion in the oxygen isotopic abundance 

values, enrichment was observed in 3 samples demonstrating a potential for 

discrimination that may be higher than observed the carbon results. This requires 

additional work to confirm however, including the development of a technique for 

removal of toner from paper.  

 

There was some difference between the blank paper and the printed paper results and 

this is due to either to the inclusion of extraneous toner particles or the variability of 

the paper itself. None of the printed paper samples would have been discriminated 

using the 0.7 ‰ discrimination value.   

 

For the inkjet samples, there was a little to no effect from the printing process, even 

when the samples were taken from directly on top of the ink. This is due to the fluid 

nature of the ink and hence the more dilute dispersal of the colourant (dye or pigment) 

present. These results support the carbon values measured, which showed that no 

additional sample handling is required for inkjet printed documents.  

 

 

 
The papers used and their untreated δ18OVSMOW values are shown in Table 7.4. These 

values were pooled from the three sheets measured from each brand. The measured 

values for the environmental samples are shown in Table 7.5. The mean and standard 

deviation values for the untreated papers in this table were taken from the relevant 

single sheets.   
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Paper Brand Paper 
Designator 

Country of 
Origin 

Untreated Mean 
δ18OVSMOW (‰) ± 1 Std 
Dev for 3 sheets 
sampled 

Double A A Thailand 23.74 ± 0.24 

Reflex B Australia 28.08 ± 0.57 

Olympic C Australia 28.11 ± 0.48 

Lazer IT D Indonesia 20.58 ± 0.27 

Fuji Xerox E China 25.50 ± 0.31 

Table 7.4: Brands of ream used and pooled mean values for environmental and forensic test 

evaluation 

 

Treatment 
Paper 

Designator 

Untreated Paper 

Mean δ18OVSMOW 

(‰) ± 1 Std Dev 

Treated Paper 

Mean δ18OVSMOW 

(‰)± 1 Std Dev 

Difference of 

Means (‰) 

 

Dirt/Dust 

AC 23.84 ± 0.26 23.51 ± 0.29 0.33 

BA 28.13 ± 0.38 28.85 ± 0.21 0.72 

CA 28.34 ± 0.16 28.93 ± 0.23 0.59 

DA 20.62 ± 0.09 21.25 ± 0.11 0.63 

EA 25.66 ± 0.22 26.03 ± 0.27 0.37 

Fire 

AB 23.79 ± 0.14 24.23 ± 0.36 0.44 

BB 28.52 ± 0.00 28.55 ± 0.10 0.03 

AC 28.34 ± 0.16 28.20 ± 0.78 0.14 

DB 20.55 ± 0.26 21.23 ± 0.32 0.68 

EA 25.66 ± 0.22 26.64 ± 0.20 0.98 

Handling - 

High 

AA 23.66 ± 0.34 24.59 ± 0.28 0.93 

BB 28.52 ± 0.00 28.90 ± 0.11 0.38 

CC 27.67 ± 0.64 29.03 ± 0.28 1.36 

DC 20.55 ± 0.47 21.51 ± 0.07 0.96 

EC 25.34 ± 0.44 26.53 ± 0.14 1.19 

Table 7.5: δ18OVSMOW measurement values for environmental testing experiment 



Oxygen Isotopes – Source, Handling and Forensic Sampling 

 189 

Both the accumulation of dirt/dust and heavy contact was observed to have an effect 

on the measured values. The amount of material transferred was inconsistent between 

test samples, which may have contributed to the variability of the results (and the 

higher standard deviation values) and this shows that handling of this type needs to be 

considered during sampling and subsequent interpretation of casework results. 

Charring of the paper samples via the application of flame also had an effect on the 

results and the inconsistency seen in the values (i.e. increase in standard deviations) is 

due to different levels of charring being sampled throughout the replicates. 

 

Table 7.6 contains the results for the samples that were treated for fingerprint 

detection using 1,2-Indandione-Zn and collection of DNA via tape lifting.  

 

 

Treatment 
Sample 

Designator 

Untreated 

Paper Mean 

δ18OVSMOW 

(‰) ± 1 Std 

Dev 

Treated Paper 

Mean 

δ18OVSMOW 

(‰) ± 1 Std 

Dev 

Difference of 

Means 

(‰) 

Indandione AB 23.79 ± 0.14 24.40 ± 0.16 0.61 

BC 27.73 ± 0.78 28.02 ± 0.53 0.29 

CB 28.33 ± 0.25 28.37 ± 0.55 0.04 

DB 20.55 ± 0.26 21.37 ± 0.42 0.82 

EB 25.50 ± 0.28 26.35 ± 0.33 0.85 

Tape lifting AB 23.79 ± 0.14 24.36 ± 0.30 0.57 

BC 27.73 ± 0.78 28.45 ± 0.93 0.72 

CB 28.33 ± 0.25 28.52 ± 0.34 0.19 

DC 20.55 ± 0.26 20.47 ± 0.48 0.08 

EB 25.50 ± 0.28 26.03 ± 0.29 0.53 

Table 7.6: δ18OVSMOW measurement values for forensic testing experiment 

 

Significant differences were observed between the untreated paper and some of the 

papers tested for both the indandione and the tape lifting procedures. The differences 

would have discriminated the samples in three of the ten comparisons made, 

highlighting that the use of oxygen isotopes for comparison after these treatments 

would require careful interpretation.   
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The source materials and effect of the production process was examined on the 

δ18OVSMOW abundance values of office papers. Similar to the carbon results, both 

fractionation and mixing were observed to have occurred. This means that the bulk-

measured values for document papers are not directly comparable to 

predicted/modelled tree cellulose isoscapes. 

 

Acidification was observed to have an effect on the values measured, particularly for 

Australian papers that are known to contain calcium carbonate fillers. Additional work 

is required utilising other analytical techniques to further explore these results 

however and in response, a pilot study using X-Ray Diffraction (XRD) was conducted 

to identify the actual filler types present in a limited sample of papers. Those results 

are included in Chapter 9.  

 

As for the carbon experiments, inclusion of toner with the paper samples was observed 

to have an effect on the δ18OVSMOW values measured and so careful sampling is 

required for documents printed with these types of processes. Inkjet printing did not 

have an effect even when sampled from directly on top of the printing. Different to the 

carbon results and of interest, the environmental experiments showed larger 

differences between clean and treated paper. This is particularly of concern for the 

forensically treated samples, whose values were shown to change after testing. This 

will need to be considered prior to analysis or during interpretation depending on the 

stage that the examination is undertaken. 
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For forensic purposes, studies utilising stable isotopes generally include a combination 

of three isotopes (and the addition of other techniques) to maximise discrimination. 

While homogeneity assessments of the extent presented in this work have not been 

cited in the literature, the use of multiple isotopes is generally described as both 

necessary and positive for discrimination of samples. 

 

The use of hydrogen isotopes is challenging due to hydrogen exchange between the 

surface of molecules containing proteins or other exchangeable compounds, 

particularly those containing –COOH, –NH2, –OH or –SH functional groups (Carter, 

2011) with atmospheric moisture. In cellulose, this becomes an issue through the 

exchange of hydrogen from the –OH groups which are exposed on the sides of glucose 

monomers within the polymer chain. In cellulose fibres and hence paper sheets, we 

can expect a proportion of these –OH groups to be cross-linked to other cellulose 

polymers via hydrogen bonding, reducing the number of groups available for 

exchange. In raw cotton fibres, the molar exchange fraction of H in cellulose was 

calculated to be 0.05, with experiments confirming the fraction to be 0.046 ± 0.009 

(Meier‐Augenstein et al., 2014). While exchange experiments have not been 

undertaken directly on document papers (and will not be conducted here), we can 

expect a similar fraction to be available for exchange in document paper cellulose. 

 

A number of studies have been undertaken, particularly for the measurement of hair, 

to try to counteract or quantify the effects of ‘exchangeable hydrogen’ (Bowen et al., 

2005, Coplen and Qi, 2012, Meier-Augenstein et al., 2011). Although each method 

has demonstrated repeatability within a laboratory, a number of the variables known to 

affect exchangeable hydrogen including sample size and handling are still under 

investigation across a range of materials (Chesson, 2009).  
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Despite the publication of a number of methods, there is yet to be consensus or a 

standard methodology adopted between laboratories. This is most clearly 

demonstrated in the results of the Forensic IRMS (FIRMS) Network proficiency test 

scheme (http://www.forensic-isotopes.org/pts-results.html). Performance monitoring 

across laboratories and through the measurement of a number of different materials 

has demonstrated the variability of δ2H values obtained between laboratories. Given 

the same materials measured for δ13C, δ18O or δ15N produced comparable values, the 

difference for δ2H can be attributed to variability in sample handling methodology 

prior to IRMS. Taking one material as an example, hemp was measured by 11 

laboratories with a robust standard deviation of δ2HVSMOW 10.663 ‰ and a range of 42 

‰ reported. Both of these values are well outside of the expected variability both for 

the material and the instrument, demonstrating that differences in protocols have 

affected the measured results obtained.  

 

Given that inter-laboratory comparability is yet to be achieved, a decision was made at 

the start and again during the course of this project to conduct a select amount of δ2H 

work here as a scoping study only. This would focus not on producing internationally 

comparable results but instead on ensuring that the methodology and thus results are 

fit for purpose in providing an indication of the utility of hydrogen isotopes for the 

comparison of document paper. In the event that the preliminary hydrogen results 

obtained are positive, collaboration with the international community would continue 

so that future results are comparable outside of the AFP laboratory.  

 

This decision should also be viewed in the context of the broader aims of this research 

– to have a validated method for the casework comparison of document papers. Given 

the ongoing development and discussion internationally on the control of 

exchangeable hydrogen, this could not have been assured if hydrogen was included as 

a core component of the study. Validation of a suitable technique for control of 

hydrogen exchange has been flagged as future work required within the AFP 

laboratory.  

 

This chapter outlines a short study of a limited selection of 25 papers from the 

background population, to examine whether the addition of hydrogen isotopes may 

assist in producing additional discrimination to the δ13C and δ18O values previously 
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measured. From the outset of these experiments, it was known that these results would 

be of limited value: as the laboratory methodology for the measurement of the δ2H of 

organic samples has not yet been fully validated; the sample set was limited; and the 

inter/intra brand variability of document papers had not been defined. The experiment 

was conducted however for the purpose of informing future work on δ2H for the 

comparison of document papers, and to provide some indication of whether hydrogen 

isotopes can be used for discrimination when carbon and oxygen isotopes have been 

unsuccessful.  

 

 
 

 
International standards NBS-22 (Oil) and IAEA-CH-7 (Polyethylene) were used to 

correct the unknown values. A polyethylene glycol (PEG) standard material provided 

by another forensic IRMS laboratory was used as a quality assurance material. Further 

in-house calibration of this material is required for future work to assure 

reproducibility over time however the measured values obtained in these analytical 

sequences did agree with the value provided (δ2HVSMOW -34.4 ‰). 

 

25 paper samples were selected for measurement from the 125-paper background 

sample set measured in the carbon and oxygen studies. These papers were selected as 

samples that had low or no discrimination with other similar papers using carbon or 

oxygen isotopes and if discrimination was called, the difference was only using a 

single isotope and was close to the defined benchmark/discrimination value. The 

samples selected are shown in Table 14.3, with sample numbers retained from 

previous tables to maintain comparability between sets of results.  

 

As each of the paper samples had been stored in the AFP laboratory for over 12 

months prior to analysis, and the analyses were conducted at one point in time across 

two analytical sequences run on consecutive days, homogeneity of exchangeable 

hydrogen was assumed. As discussed in the introduction, comparability internationally 

and between the AFP and other laboratories for these results is not being claimed.  
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Given the principle of identical treatment, it can be assumed that any magnitude of the 

differences between values would not change significantly should a protocol for 

exchange of hydrogen be undertaken in future. Hence, what is important to note in 

these experiments is not the actual value of the results obtained (although still 

traceable to the VSMOW international referencing scale) but the differences observed 

between them.   

 

Triplicate samples were taken for each paper (1 sample each from 3 pages) and after 

being punched and placed into silver capsules, the samples were dried for 4 hours in a 

60°C oven to remove absorbed water. The capsules were then crimped and placed in a 

helium-purged autosampler for analysis. Again, noting that the sample replicates are 

lower than previously recommended, this level of sampling was deemed to be 

acceptable for the purposes here.  

 

 
The instrumentation, equipment and method used to measure and correct the hydrogen 

isotopic abundance values are similar to those utilised for the oxygen isotopes in 

Chapter 5.  

 

The following differences in the instrumental set-up were made to adjust for the 

measurement of hydrogen isotopes: 

• TC/EA furnace temperature set to 1450°C 

• GC oven temperature set to 20°C 

• Reference peak placement at 10, 50, 200 and 240 seconds (for 20 second 

duration) with a total run length of 420 seconds, reference gas pulses set at 

approx. 1.5 psi to scale the peak at 2500mV  

• Peak elution occurred at approx. 90 seconds with a width of approx. 30 seconds.  

 

A typical chromatogram for a paper sample is shown in Figure 8.1. A long sample run 

time was selected to ensure that the oxygen in the sample had eluted and passed 

through the detector prior to the next sample dropping. If not enough time was allowed 

between samples, this isobaric interference was shown to overlap with the mass 2 
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sample peak of the next sample in the sequence, particularly in samples that contained 

a high proportion of oxygen, as is the case for paper samples.  

 

 
Figure 8.1: Typical chromatogram for H2 measurement of document papers. 

 

A Genius ME5 (Sartorius, Goettingen, Germany) analytical balance was used to weigh 

the international standards NBS-22 (oil) and IAEA-CH-7 (polyethylene), both with 

published values on the VSMOW scale, and the laboratory quality control material 

PEG. The sample sizes used to equate to a peak height of approx. 3500mV were 100 

μg for NBS-22 and 250μg for IAEA-CH-7 and PEG. Each sample was weighed to the 

target weight ± 10μg. Paper samples were prepared using a combination of a 1.2mm 

and 2mm Harris Uni-core micro-punches (Proscitech, Queensland, Australia), to a 

sample size of 250μg. Samples were placed into 3.3 x 4 mm silver capsules for solids 

(Thermo Fisher Scientific, Sydney, Australia) and stored in a Perspex desiccator with 

self-indicating silica gel prior to oven drying and measurement.  
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The 25 papers measured were selected based on their lack of discrimination using 

carbon and oxygen isotopes. The hydrogen isotopic abundance values were measured 

within the range δ2HVSMOW -11 ‰ to -46 ‰. This range is wider than expected, though 

still relatively narrow on the hydrogen scale. The sample values are plotted below in 

Figure 8.2 and Figure 8.3, with Figure 8.3 plotting paper values by region of origin. 

Details of the samples including brand are included in Table 14.13.  

 

 

 
Figure 8.2: Mean δ2HVSMOW (‰) values of 25 papers collected from Australia and New Zealand 
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Figure 8.3: Mean δ2HVSMOW (‰) values of 25 papers plotted by region of origin 

 

The results for the 25 paper samples show that even though there is a range of 35 ‰ 

for the values, the majority of the values are in a much tighter band between -16 and -

26 ‰. As seen in Figure 8.3, regionally there is not as much of an opportunity to 

determine whether region has an effect due to the limited sample size and provenance 

of the sample group. From this sample set however, the samples produced in Thailand 

were measured within the -40 to -45 ‰ range while all other samples are intermingled.  

The interpretation of region effects from this sample set is also limited in that it 

contains a number of papers of unknown origin. These samples were sent from 

document examination laboratories within Australia and New Zealand as part of the 

usage (printing) study and hence origin information (ream packaging) may not have 

been available during collection.   

 

As there is no homogeneity study to accompany this data for discrimination, an 

estimate of a suitable benchmark/discrimination value is difficult to determine for this 

limited sample set. A range of benchmark values were calculated for use under these 

limited circumstances and pair-wise comparisons undertaken for these 25 papers. The 
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range of discrimination powers for the 300 comparison pairs is seen in Table 8.1. The 

comparison table is included electronically within Appendix 5.  

 

Potential Benchmark Value  Discrimination Power 

5 ‰ 0.44 

10 ‰ 0.22 

15 ‰ 0.15 

20 ‰ 0.10 

Table 8.1: Discrimination powers obtained from pair comparisons of 25 samples measured for 

δ2HVSMOW values 

 

From these values and the standard deviations in Table 14.13, and taking into account 

that these papers were selected due to being difficult to discriminate with the carbon 

and oxygen isotopes, a reasonable estimate for a benchmark value would be 15 ‰. 

Based on the standard deviation values, the use of 15 ‰ as a benchmark value would 

be a conservative estimate, as it is larger than the largest standard deviation measured 

whilst still allowing reasonable discrimination of the sample set.  

 

Upon closer inspection however, the majority of the discriminated pairs for the 15 ‰ 

benchmark/discrimination value can be attributed to discriminating the two samples 

from Thailand (samples 94 and 95) that were measured in the -45 ‰ region. If these 

two samples are taken out of the sample set, the discrimination power for the 15 ‰ 

benchmark value is reduced to 0.003, or only one sample pair discriminated from 300 

comparison pairs. The two Thailand samples themselves are not discriminated from 

each other using δ2H values. Comparing this to the carbon and oxygen results, this pair 

of papers was discriminated from each other and from a large number of the other 

papers using the δ13C values. The δ18O measurements were observed to discriminate 

each of these papers to some others, but not in discriminating each other 

demonstrating that the δ2H comparison would have been of assistance during 

interpretation.   

 

Overall, the results from these 25 papers show that the hydrogen values are of limited 

value in providing discrimination when carbon and oxygen isotopes have previously 
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been used. The use of hydrogen measurements may assist in providing a stronger basis 

for discrimination however, particularly when a comparison pair has only been 

discriminated using a single isotope.  

 

 
 

In the context presented here, noting the small and selective sample set measured and 

the limitations of the method used to measure the values, it appears that adding 

hydrogen isotopes to a paper examination protocol that already includes carbon and 

oxygen is unlikely to create additional unique discrimination. Discrimination was 

observed between some previously discriminated samples however, indicating that a 

wider sample set would lead to higher discrimination factors than observed here.  

 

These results indicate that hydrogen isotopic values may assist in strengthening 

opinions, particularly where differentiation is difficult to call due to the difference in 

values sitting close to the benchmark discrimination values or due to discrimination 

only being observed using a single isotope.  

 

An extensive amount of work would be required prior to use in casework however 

including method validation, sample handling, homogeneity and an examination of the 

effect of usage on the δ2H values. The protocol validated would also need to account 

for exchangeable hydrogen and be shown to produce comparable results between 

laboratories through an inter-laboratory comparison exercise or through the FIRMS 

proficiency-testing scheme.  
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There are a number of examination techniques that are more easily accessible, require 

minimal training and are more cost effective than IRMS for the comparison of 

document papers. These techniques have been used in document examination 

casework in the past, though not routinely. For laboratories that choose to offer paper 

examination comparisons, these are generally the techniques that are used, which have 

been adapted from quality assurance laboratories established within paper 

manufacturing facilities. It is not clear from the literature however, how discriminating 

and therefore useful these techniques actually are.   

 

The most basic examinations involve the examination and comparison of the physical 

properties of paper. Initially, this would include comparing two papers using 

ultraviolet (UV) light, transmitted light and white (ambient) light. UV light at a range 

of wavelengths (254, 312 and 365nm) is used to examine the presence and intensity of 

optical brighteners included in the paper furnish. These optical brighteners are also 

visible, in combination with the dyes present in the paper, when viewed and compared 

using ambient light. Transmitted light is used to examine the paper fibre arrangement 

and opacity (density) of the sheet.  

 

Other examinations include the measurement of the physical size of the sheet and the 

calculation of sheet grammage by weighing the sheet and calculating the grams per m2 

(gsm). Using the grammage, the apparent sheet density (kg/m3) can be calculated after 

measurement of the thickness of the sheet using calibrated callipers or a weighted 

micrometre (Murphy, 2009). The term apparent sheet density is used to denote the 

measured/calculated sheet density of a single sheet. Overall, the benefit of these types 

of physical examinations is that they are non-destructive to the document and can be 
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performed using equipment that is more readily accessible than analytical chemistry 

techniques.  

 

Thin Layer Chromatography (TLC) can be used to separate the components of a 

mixture by testing their affinities between a stationary and mobile phase. The 

stationary phase used is a silica material that is coated onto an aluminium backing. 

The mobile phase (eluent) will vary depending on the type of sample being run but for 

inks and paper it is generally a mixture of ethanol, ethyl acetate and water in a ratio of 

2:1:1. While commonly used for writing inks such as ballpoint inks (LaPorte et al., 

2006, Roux et al., 1999, Trejos et al., 2010, Wilson et al., 2004) and printing inks (Bell 

et al., 2013, Poon et al., 2005), TLC also has the potential to differentiate papers by 

comparing the optical brightener and dye composition extracted.  

 

The addition of other analytical techniques should also be considered, where they 

measure or characterise specific components of the paper of interest. While a number 

of techniques are able to achieve this, such as Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry (LA-ICP-MS), ideally the techniques should also be 

relatively simple for sampling, have only limited destruction of the sample and a high 

discrimination. In addition, any technique selected should have gone through an 

extensive validation process to inform interpretation.  

 

As IRMS analysis generally targets and measures the cellulosic content (through gross 

mass) with a smaller contribution from filler material, X-Ray Diffraction (XRD) 

analysis of the papers was selected as an additional technique to identify the type of 

filler present in paper samples. This technique has been used previously, with some 

success (Foner and Adan, 1983) though has not been used extensively.  The use of 

XRD will also assist in providing context to the acidification results included in 

Chapters 5 and 8.   

 

The purpose of this chapter is to test and define the use of a number of paper 

examination techniques. Following this, a wider examination protocol that is 

complimentary to and includes IRMS examinations can then be formed.  
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For discrimination and interpretation, the ability to use multiple techniques adds 

weight or significance to the results of difference or similarity obtained. In addition, 

having the ability to utilise alternative or non-destructive methods in an examination 

protocol allows for greater flexibility to be built into a protocol, to allow for different 

casework questions or scenarios where preliminary results may be required at short 

notice.  

 

 
 

 
As the examination of paper is a comparative process and a number of the techniques 

used in this chapter are not quantitative, the papers measured in this chapter were 

compared against sample number 71. This paper was chosen as being representative of 

one of the most common brands of high quality Australian made paper (Reflex).  

 

The paper samples were selected from the background population measured in the 

isotopic studies in Chapters 3 and 5 and the sample reference numbers have been 

retained from those studies. In total, 60 paper samples from the background population 

were measured using the techniques in this chapter. This is excluding TLC, of which 

46 out of the 60-sample set were measured for comparison. The brand and collection 

information for these paper samples is detailed in Table 14.3.  

 

 
A Foster and Freeman Video Spectral Comparator 6000 High Resolution 

(VSC6000HR) instrument (Worcestershire, UK) was used to provide a range of light 

sources including: 

• UV light at 256nm, 312nm and 365nm. 

• Transmitted white light  

• Ambient white light 

 

Each paper sample was placed next to the sample 71 page and examined under the 

three types of light with the room darkened and the instrument sides closed to 
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eliminate interference. Where differences were observed, the results were 

photographed using the inbuilt camera.   

 

 
A Vibra AJ 420CE balance (Wedderburn Scales, Sydney, Australia) was used to 

weigh the paper samples. The balance was zeroed with two paper clips on the pan, and 

each sheet rolled and secured with the paper clips prior to measurement to prevent the 

sheet folding over the sides of the pan and resting on the bench during measurement. 

The balance was covered by a Perspex windshield that was closed while collecting the 

weight values. To measure the thickness of the sheet, each paper sample was placed 

under the foot of a model D0011 Digital Micrometer (IDM Instruments, Victoria, 

Australia) that had been calibrated to measure paper thickness.  

 

Three sheets from each of the brands in Table 14.14 were weighed three times and 

their thickness measured in ten separate locations using the calibrated micrometer. For 

each sheet, grammage was calculated using the average mass (g) and the standard A4 

sheet size (27.9 x 21.5cm). After measurement of the sheet thickness, the grammage 

was converted to kg per sheet by dividing by 1000, then multiplied with the average 

sheet thickness (in μm) to determine the apparent sheet density (kg/m3). Ideally, ten 

sheets would be used to more accurately determine the sheet density for a given ream. 

As this is unrealistic for casework situations, three sheets were measured and averaged 

for each ream as an intermediate between the ideal (ten sheets) and the worst-case 

reality (one sheet, likely to be common in forensic casework).  

 

As outlined in other chapters, Australian Standards (1998) stipulate that papers for 

comparison should be measured after adjustment of the absorbed water within the 

paper sheets. The natural hydroscopicity for papers varies based on where the paper 

was produced however this can be adjusted by storing the paper in a low humidity 

environment before increasing to a higher humidity to equilibrate samples prior to 

measurement. For these tests this adjustment was not conducted as the papers 

measured had been held in the same laboratory conditions for at least 12 months prior 

to measurement, minimizing the effects that would have been seen if the papers were 

recently sourced from different locations/retailers.  
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As there is no described method for discrimination of samples using grammage and 

sheet density, additional work was required in an attempt to define a sample 

discrimination protocol. To determine the homogeneity of a single brand, seven pages 

from six reams were measured. Additionally, the same seven brands and reams 

measured as part of the between ream homogeneity experiments conducted in 

Chapters 3 and 5 were measured in duplicate (i.e. two sheets from each ream were 

measured). While ideally a more extensive set of homogeneity experiments would 

have been undertaken, the experiments described here were assessed as being fit for 

purpose and were able to inform discrimination.  

 

As the results of the grammage and apparent sheet density tests are quantitative, 

comparison was undertaken at two levels – each sample was compared to paper 

sample 71 and pair-wise comparisons of the entire background population, where each 

sample measured was cross compared and discriminated based on the benchmark 

values defined.   

 

 
A 1mm micropunch (ProSciTech, Sydney, Australia) was used to take four punches 

from the paper samples in Table 11.3. The samples were placed into Micro-Hemacrit 

Capillary Tubes with a 1.1-1.2mm internal diameter (Kimble Chase Scientific, 

ProSciTech, Sydney, Australia) that had been sealed at one end using an open flame, 

and covered with approximately 3.5μL of undiluted pyridine (Sigma Aldrich, 

Australia). The top of the tube was then sealed with an open flame and the sample left 

to extract until use.  

 

Sample tubes were broken and the eluent spotted on to Merck KGaA Silica Gel 60F254 

Aluminum backed thin layer chromatography plates (Rowe Scientific, Sydney, 

Australia) using a 0.63mm Perkin Elmer Syringe (product number N6101390, Rowe 

Scientific, Sydney, Australia) with at least 1cm spacing between samples. The plates 

were placed in an oven to dry at 60°C for 15 minutes then placed in a glass tank 

containing 1.5cm of mobile phase of ethyl acetate, ethanol and water in a ratio of 

2:1:1. The plate was placed into the tank with the lid on and left to run until the mobile 

phase reached approximately 1cm from the top of the plate. Once removed, the plate 
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was left on a bench to dry and was imaged using UV light at 254nm using the Video 

Spectral Comparator (VSC6000HR).  

 

Visual comparison in combination with the calculation of retention factors was used to 

discriminate samples. To calculate the retention factor (Rf) - defined as the distance 

travelled by the separated peak divided by the distance travelled by the mobile phase, 

the line tool in Adobe Photoshop CC (trial version 14.0 x 64) was used to measure the 

distance of the peaks and the final position of the mobile phase. Care was taken to 

measure the centre point of the sample start position to the middle of the eluted peak.  

 

A difference was confirmed based on peak placement and/or the absence of well-

defined additional peaks in either the sample or the standard (paper sample 71). For 

some plates, edge effects were observed that affected the first or last sample run on the 

plate.  This altered the placement of samples and had to be taken into account during 

discrimination. An example of this is shown in Figure 9.1.   

 

 

 
Figure 9.1: Image of developed TLC plate, showing edge effect on the sample run in the far right 

position.  
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An XRD unit was not available in the AFP laboratory and as such, external assistance 

was sought for the measurement of a selection of paper samples by XRD. 

 

14 paper samples were selected from the 125 paper background sample set and given 

to Sietronics Pty Ltd (Mitchell, ACT, Australia) with a request to identify the filler 

types contained in the samples, using a semi-destructive technique only (i.e. with no 

sample digestion/chemical processing though the samples were able to be physically 

removed from the sheet). The 14 samples measured are shown in Table 9.3.   

 

A Bruker-AXS D4 XRD (Bruker AXS Corporation, VIC, Australia) with copper 

radiation at 40kV and 30mA was used to identify the fillers. An approx. 2cm2 sub-

sample was taken from each page and adhered to a low background holder using a 

small amount of Bostick® Clear GluStickTM. Both the low background holder and the 

GluStick were observed to not interfere with the XRD traces of the paper samples.  

 

A range of 1.3 to 70º2θ with a 0.02 degree step and a 2 second per step count time was 

used during measurements. A graphite monochromator was used in the diffracted 

beam. Sample results were searched against the Bruker Diffracplus Search/Match 

software and the ICDD PDF-2 database (2006).  

 

 
 

 
60 background paper samples were compared to paper sample 71 using UV, 

transmitted and ambient light. Where differences were noted, an image was taken 

using the inbuilt camera of the VSC6000HR for review and a decision on whether to 

call a difference. The images of the papers discriminated are included in electronically 

in Appendix 5.  

 

The discrimination of papers using these light techniques was found to be quite 

challenging. This was especially the case when considering the transmitted light 
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images, which can be used to observe the opacity of the sheet or the arrangement of 

fibres due to the paper making process. The primary challenge when considering these 

types of visual comparisons is ensuring that the comparison made is consistent and 

accurate, particularly as comparison complexity increases. An example of a simple 

and a more complex comparison using transmitted light is shown in Figure 9.2 and 

Figure 9.3.  

 

 
Figure 9.2: Example of a simple discrimination task using transmitted light between sample 71 

(left) and sample 94 (right). 

 

 
Figure 9.3: Example of a more complex discrimination task using transmitted light between sample 

71 (left) and sample 85 (right). 
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To observe consistency within a brand, images were taken from one page from seven 

reams using each of the lighting techniques. Undertaking these comparisons, it became 

apparent that identification of a difference was easier when more than one sheet (with 

the same opacity pattern) is available so that the examiner is able to gain an 

understanding of what is normal within a sample group. In casework, this implies that 

it would be easier to use these techniques where a question is being asked about the 

substitution of a page in a multiple page document rather than in one to one 

comparison situations. To overcome this, techniques such as the ones presented by 

Berger et al. (2009, 2012) could be used to reduce the subjective nature of the opinion.  

  

Discrimination was also easier when more than one light examination showed a 

difference e.g. if there was a difference observed in the transmitted light images in 

addition to the UV light examinations. With respect to UV light examinations 

however, it has been shown to be inappropriate to call discrimination based solely on 

differences in UV reaction (i.e. a difference in fluorescence – either colour or 

intensity), due to the potential for inhomogeneity within a single ream or brand 

(Green, 2012). This can occur when papers have been cut and packaged in the same 

ream but may have been prepared in different manufacturing batches that may have 

been produced with different constituents.  

 

As part of this project, the reams stored within the AFP laboratory were screened 

using UV and the observations of Green (2012) were confirmed with at least one ream 

identified that contained differences in the UV reaction of the sheets within the same 

package. Also of note, Brunelle and Reed (1984) describe that caution should be taken 

when comparing different intensities of UV fluorescence due to dulling of intensity as 

the paper ages or is exposed to other types of environmental weathering.  

 

Ambient light examination was found to be the easiest of the light examination 

techniques to discriminate samples. In general, the magnitude of the difference was 

more readily apparent and discrimination was repeated using the other two light 

techniques. Caution should be used in the same way as for the UV light examinations 

however, if a visual difference was the only reaction observed (Green, 2012).  
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Due to the difficulties surrounding UV and ambient light, the results from all three 

light techniques were used in combination for discrimination. The results of these tests 

are shown in Table 9.1. The discrimination factor for these light techniques was 

calculated at 0.34 when each sample was compared against sample 71. Transmitted 

light was responsible for the majority of the discriminations made using light 

examination techniques. 

 

 
The measurement of grammage and apparent sheet density originated in paper quality 

assurance mills. As a consequence there are no published values that can be used for 

forensic discrimination, as quality assurance mill laboratories are testing whether the 

paper produced is within specified tolerance ranges. The most applicable information 

was published by Murphy (2009), who discusses that in typical paper manufacturing 

plants a tolerance of 2% of the stated grammage is allowed for production (e.g. for 

80gsm papers this would be 1.6gsm).  

 

The mean grammage and apparent sheet densities measured and calculated for 

duplicate sheets in seven reams from seven brands are detailed in Table 14.14. As 

these were only duplicate measurements, the standard deviation values have been 

omitted. Included in this table are the mean grammage and apparent sheet densities for 

seven sheets measured from six reams from the Reflex branded reams used in the 

isotopic homogeneity testing previously undertaken. The grammage and apparent 

sheet density values were plotted for each ream in Figure 9.4. The variability 

associated with each brand is highlighted in Figure 9.5. 
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Figure 9.4: Grammage vs. Apparent Sheet Density for seven paper brands 

 

 

 
Figure 9.5: Grammage vs. Apparent Sheet Density for seven paper brands, with brands highlighted 

in coloured circles.  
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Figure 9.4 shows that there is potential for discrimination of paper samples using these 

techniques, if the values vary significantly enough. As the range observed for the 

grammage results is narrow (between 80 and 84gsm) the calculated grammage values 

may not be able to be used in isolation i.e. without further measurement of the 

thickness and calculation of the apparent sheet density. Additionally, Figure 9.5 shows 

that the grammage range expected within a single brand can vary naturally. An 

example of this is the Officemax brand that contains reams that vary from 80gsm to 

82.5gsm. This observation is reinforced in Figure 9.6 and Figure 9.7, which shows the 

single page measurements for the six ‘Reflex 2’ reams plotted to show single ream 

variation. 

 
 Figure 9.6: Grammage and Apparent Sheet Density for seven replicates of papers 

measured from six reams of the same brand (Reflex) 
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Figure 9.7: Grammage and mean measured thickness for seven replicates of papers measured from 

six reams of the same brand (Reflex) 

 

 

The largest range in values for papers from the same ream is just over 2gsm. This does 

not factor in the wide spread of values seen in the Reflex A ream, which has a range 

closer to 2.5gsm. Comparing these results to the 2gsm discrimination value proposed, 

it would be more technically correct to use the 2.5gsm range as a discrimination 

benchmark as it gives a more conservative estimate of the homogeneity within a single 

ream, even if the Reflex A ream was designated as an outlier. While this will reduce 

the discrimination power of grammage as a technique, similarly to the IRMS results, it 

will avoid false discrimination of samples.  

The 35kg/m3 discrimination/benchmark value is observed to be robust for apparent 

sheet density when compared to these single ream results, which have a range value 

below 20kg/m3 on average. Consideration of a lower benchmark value may be 

warranted based on these results and should be considered on a case by case basis 

during interpretation when other measurement results are being collated with apparent 

sheet density. 
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Comparing these results with those obtained in the isotopic studies, the same trends 

regarding inhomogeneity are repeated. In particular, the results show that some brands 

are more variable (e.g. Docucopy) than others (e.g. Reflex). As this data presents a 

preliminary indication of the homogeneity of a single ream, the data measured for the 

seven replicates from six reams (Reflex 2) study will be used to define a suitable 

benchmark value for discrimination.  

 

The measurements obtained for the 60 background population samples are detailed in 

Table 14.15, which includes the difference between each sample and the sample 71 

paper, with the cell shaded in green for papers that would be discriminated using the 

benchmark values proposed. A plot of the comparison between sample 71 and the rest 

of the population group is included as Figure 9.8, with the error bars on sample 71 

representing the 2.5gsm and 35 kg/m3 values proposed for discrimination. 

 

 
Figure 9.8: Comparison of grammage and apparent sheet density values between sample 71 and the 

selected background population.  

 

The discrimination power when compared to the sample 71 paper was calculated to be 

0.48 for grammage and 0.35 for apparent sheet density. Interestingly, only 15 

comparisons were found to be different in both the grammage and apparent sheet 

density values. 34 papers in total were discriminated from the sample 71 paper. This is 

57% of samples.   



Other Paper Examination Techniques 

 214 

When the data set of 60 samples was cross compared, with a total of 2346 

comparisons made, the discrimination powers were 0.33 and 0.46 for grammage and 

apparent sheet density respectively. The comparison tables for these techniques are 

included electronically within Appendix 5.  

 

 
Table 14.16 presents the detailed results of the comparison of papers using TLC. It 

should again be highlighted that the comparison of results using this technique is 

limited to within plate comparisons and as such each ‘unknown’ paper was directly 

compared to the sample 71 paper. The discrimination summary is included in Table 

9.1. 

 

The images of the plates are included electronically in Appendix 5. There were some 

plates that were difficult to interpret due to the edge effects seen, which may have 

reduced the number of comparisons discriminated. While it was possible to re-run 

some of the samples affected, given the low discrimination power of the technique 

overall, a decision was made that this was not likely to significantly alter the results 

and the analyses were not repeated. The discrimination power for TLC was calculated 

to be 0.35.  

 

 
Table 9.1 shows the results of discrimination of the 60 database samples when 

compared to the sample 71 paper, using the four different techniques. For the TLC 

results, 46 of the same 60 samples were measured. Where a sample was not available 

for cross comparison, it has been marked with an N/A. 
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Sample 

Number 

Light 

Exams 
Grammage 

Apparent 

Sheet Density 
TLC 

43 x 

46 x 

47 

48 x 

49 x 

50 

53 x x N/A 

54 x x 

56 x x 

66 x x N/A 

67 N/A 

68 

69 x x 

72 x 

73 

74 

75 

76 

77 x 

79 x 

80 N/A 

81 N/A 

82 x N/A 

83 x x N/A 

84 x N/A 

85 x 

86 x N/A 

87 

88 x x x 

89 x x x 

90 x x 

91 x x N/A 

92 x N/A 

93 x x x 

94 x x 
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Sample 

Number 

Light 

Exams 
Grammage 

Apparent 

Sheet 

Density 

TLC 

95 x x x 

96 x x x 

97 x x 

98 x x 

99 x N/A 

101 x x 

102 x x x N/A 

103 x x 

104 x x 

105 x x x x 

106 x x x 

107 x x x x 

108 x x x 

109 x x x N/A 

112 x 

113 x 

114 x x 

115 x x x 

117 

118 

120 x x 

121 x 

122 x 

124 x x 

125 x x 

# Disc. 22 29 21 17 

Disc. 

Power 
0.37 0.48 0.35 0.33 

Table 9.1: Discrimination of samples against paper sample 71, using a range of examination 

techniques, with the x denoting discrimination using that technique. 

 

Further to the individual interpretation and comparison results presented in Table 9.1, 

a structure for interpretation of the results in a broader context needs to be defined. 

This is particularly the case for subjective measurements such as the light examination 
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and TLC results. A summary of the discrimination powers observed when one or more 

techniques showed discrimination is shown in Table 9.2.  

 

 

Discrimination observed using: Discrimination Power 

One Technique Only 0.28 

Two Techniques Only 0.28 

Three or Four Techniques 0.16 

Table 9.2: Discrimination of samples against paper sample 71 

 

In casework circumstances, non-destructive techniques would be conducted first in 

preference to destructive techniques. Given the interpretation challenges with the light 

examination techniques and the known issues published with intra ream differences in 

UV light exams, a differentiation should not be called unless substantiated by another 

technique. This is particularly the case for grammage and apparent sheet density given 

the wide range of variation observed naturally. 

 

Likewise, unless the difference is significant (e.g. the presence of a strongly 

fluorescent and well defined band absent from the comparison sample), discrimination 

using TLC should likely only be used when at least one non-destructive technique also 

shows a difference.  

 

Using these conditions for comparison, the discrimination power for the non-

destructive examination types (light examinations, grammage and apparent sheet 

density) was calculated to be 0.22. Including the TLC results, this discrimination 

power was extended to 0.25. As this is a limited sample comparison of 60 papers to 

one specimen paper (sample 71), discrimination within a wider population is expected 

to be higher than these values. 

 



Other Paper Examination Techniques 

 218 

 
Table 9.3 details the samples measured and the types of filler materials detected after 

measurement using XRD analysis. All samples were observed to contain cellulose and 

calcite (CaCO3) and hence these compounds were not included in the table.  

 

Sample 

Identifier 
Brand 

Country 

of Origin 

Talc 

Mg3(OH)2Si4O10 

Dolomite       

CaMg(CO3)2 

Aragonite 

CaCO3 

Quartz 

SiO2 

43 "ditto" Australia X    

66 Olympic Australia X    

75 Reflex Australia     

77 Reflex Australia X    

79 Reflex Australia X    

82 Paper One Indonesia     

83 Paper One Indonesia  X   

88 Lazer IT Indonesia  X   

89 Lazer IT Indonesia X   X 

96 Double A Thailand X    

103 
Yes 

Bronze  
China X X   

109 Officemax 
South 

Africa 
    

111 
Bilt 

Matrix 
India X  X  

121 HP Brazil X    

Table 9.3: Filler content for 14 papers analysed by XRD 

 

The XRD results, although only used on a limited sample size, showed that the 

technique would be a valuable addition to characterise and discriminate paper 

samples. If available, this analysis should be done prior to IRMS to ensure that papers 

with the same chemical composition are being compared. Surprisingly, there are also 

within brand differences that can be used for discrimination. This indicates either that 

the composition of papers is changing over time or that different manufacturing 

facilities that supply the same brand are utilising different source materials and paper 

process constituents.  
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As discussed in previous chapters, measuring bulk papers using IRMS is not ideal but 

the results can be trusted, as different filler types and amounts will lead to different 

isotopic abundance values. For those papers that are cannot be discriminated using the 

benchmark values, the papers can be reported as unable to be distinguished, or can 

undergo further processing using acidification to remove calcium carbonate filler 

material prior to re-measurement, to directly compare the cellulosic content of the 

sample.  

 

 
 

A number of examination techniques, ranging from simple physical to chemical 

techniques, were tested on 60 background paper samples with varying results.  

 

For physical examinations that are non-destructive, transmitted light examinations 

were observed to be the most discriminating however the results obtained were 

susceptible to subjective interpretation by the examiner. In contrast, the paper 

grammage and apparent sheet density results were less prone to examiner bias and 

allowed for quantitative values to be recorded and compared. These techniques 

required wider benchmark values to be defined however, due to the natural variations 

observed within reams. Using non-destructive techniques, a discrimination power of 

0.22 was achieved for the sample population measured.  

 

Chemical separation using TLC to compare the paper samples’ optical brighteners and 

dyes was shown to be a complementary technique to the non-destructive techniques 

used. The addition of TLC resulted in an increase of the discrimination power to 0.25. 

Given the low overall addition to discrimination, this technique is viewed as 

complementary rather than additive and (as discussed in the following chapter) its use 

is at the examiners discretion.   

 

XRD was shown to be a useful analytical technique to determine the filler content of a 

small sample of papers. This technique would be best suited prior to IRMS analysis to 

identify and compare the types of crystalline fillers used in the paper furnish. Further 
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work including validation, homogeneity studies and environmental effects will be 

required prior to use in forensic casework.  

 

A comparison of these techniques to discrimination using IRMS in a broader casework 

examination protocol will be examined in the following chapter.   
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The initial purpose of this chapter is to examine the discrimination of paper samples 

when a number of techniques are combined. This will first focus on the results of the 

carbon and oxygen abundance values measured, including the combination of results 

from the non-destructive and chemical examination techniques discussed in Chapter 9. 

The primary aim is to define an examination protocol for casework comparison of 

papers.  

 

Based on the examination protocol defined, a procedure will be proposed to ensure 

that the factors affecting the interpretation of results are clear. Although not used here, 

the factors discussed in the interpretation procedure could later be adapted into a 

Bayesian network or likelihood ratio calculations (Biedermann et al., 2012, Buckleton 

et al., 2006, Carter et al., 2014, Taroni et al., 2012) with additional experimentation to 

extend the conclusions of this work to use a numerically defined scale. The scale to be 

proposed here will be Bayesian in nature and will utilise two alternate propositions 

and express the findings in terms of “weights” in support of one of the propositions 

versus the other, but will not numerically define the opinion level to be provided 

through the use of a likelihood ratio.    

 

As part of the discussion, Appendix 4 includes a proposed report appendix to explain 

the use of these examination techniques, including IRMS and isotopic discrimination, 

in the format commonly used for court reporting results of this nature. This technical 

appendix aims to summarize the techniques and methodology used for measurement in 

a way that lay persons and the court can understand.  

 

The work in this and the preceding chapter ensures that IRMS is not being developed 

in isolation but is being included as a part of a wider examination protocol that 
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discriminates document papers via a combination of techniques. The chapter following 

this will test the proposed protocol in a range of casework scenarios, through the use 

of blind trials.  

 

 
 

 
With discrimination powers of 68% and 82% for carbon and oxygen respectively a 

comparison was undertaken to determine if the results could be optimized (or 

increased) using a combination of two isotopes. Figure 10.1 shows the spread of 

values obtained for oxygen and carbon isotopes from the 123-sample background 

population. The error bars in this figure represent the 0.5 ‰ carbon and 0.7 ‰ oxygen 

benchmark discrimination values previously defined.   

 

To examine any trends relating to the region of production, the samples have been 

plotted by production location in Figure 10.2 and Figure 10.3. The focus of this 

examination is to identify whether the effects observed in the individual plots, 

particularly with respect to the Australian samples, are consistent.  

 

To determine the effectiveness of using two isotopes in combination, a comparison of 

the tables utilised in Chapters 3 and 5 was undertaken, with discriminated samples 

absent from the oxygen discrimination chart (but present in the carbon chart) added to 

the results.  

 

Using carbon and oxygen isotopic abundance (either singularly or both isotopes), 88% 

of the samples in 7503 comparisons could be discriminated. This discrimination factor 

is larger than either single isotope and demonstrates the advantages to using 

multivariate analyses for the comparison of papers. Aside from discrimination powers, 

confidence in the results obtained can also be gained through the discrimination or 

inclusion of samples using multiple techniques (or isotopes).  
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Figure 10.1: Background population samples measured for carbon and oxygen isotopic values. Error bars denote the 0.5 and 0.7‰ benchmark 

discrimination powers previously defined
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Figure 10.2: Background population samples measured for carbon and oxygen isotopic values, 

plotted by region of origin 

 

 

 
Figure 10.3:  Background population samples measured for carbon and oxygen isotopic values, 

with regions highlighted 
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Although the region of origin plots Figure 10.2 and Figure 10.3 show that the majority 

of regions overlap in at least some way, there are a number of regions that sit distinctly 

apart and could be used to, in the very least, inform which regions a casework sample 

did not originate from. In particular, Australian and Indonesian produced samples are 

distinct from one another, as are the Australian, Thailand and Brazilian regions. It 

should be highlighted again however that a wider international sample study should be 

undertaken if papers from different countries are to be compared to this sample set. 

The potential for crossover with other international regions of production is shown in 

the European samples – which are somewhat distinct but overlap with the Australian 

region.    

 

From the plot of the papers separated by region, it becomes clear that the Australian 

samples in particular are still comingled and may not be being discriminated. While in 

some sense this is expected given the lower variability in source material, it is still 

worth examining more closely to determine if discrimination is possible.  

 

38 samples (30% of the sample set) of Australian origin were removed from the larger 

background sample set and compared to determine their discrimination using both 

carbon and oxygen isotopic abundance values. A plot of this sample set is shown in 

Figure 10.4, with error bars representing the 0.5 ‰ (carbon) and 0.7 ‰ (oxygen) 

benchmark discrimination values.  
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Figure 10.4: Australian produced samples measured for carbon and oxygen isotopic abundance 

values.  

 

 

Figure 10.4 displays the close association and overlapping of these samples, 

suggesting that discrimination may be difficult. While some samples are distinctly 

different from the main group, there is a likelihood of discrimination for some samples 

given that the main sample group is sitting in a range of approx. 2 ‰ for carbon and 

3.5 ‰ for oxygen.  

 

The 38 Australian produced samples were compared to each other and the 

discrimination powers from single and combined isotopic values were calculated. The 

results of the 703 total comparisons made are shown in Table 10.1. The carbon and 

oxygen (total) values are the number of discriminated pairs in total for each isotope. 

The carbon and oxygen (singular) values are those comparison pairs that were only 

observed to be different using one isotope (either carbon or oxygen, not both). The 

combination value shown is where differences were observed in both the oxygen and 

carbon isotopic abundance values measured.  
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Isotope  
Number of Sample 

Pairs Discriminated 

Discrimination 

Power 

Carbon (total) 168 0.24 

Oxygen (total) 355 0.50 

Carbon only (not Oxygen) 73 0.10 

Oxygen only (not Carbon) 261 0.37 

Both Oxygen and Carbon   95 0.14 

Total Comparison Pairs Discriminated  

(703 comparisons – Carbon only + 

Oxygen only + Carbon and Oxygen ) 

429 0.61 

Table 10.1: Discrimination of Australian samples using oxygen and carbon isotopes 

 

The results of this comparison show that discrimination is possible, even when the 

samples have originated from the same production location. This indicates that there 

are still batch related differences that can be used for discrimination. This result 

confirms the differences seen for some brands in the homogeneity experiments 

conducted on the multiple reams from the same brand, sold at the same time. The 

oxygen isotope abundance values in particular show more variability and potential for 

discrimination. This indicates that in a practical examination protocol, oxygen isotopes 

should be measured before carbon.  

 

Relating these results to the context of the paper production process experiments 

included in Chapter 6, it is hypothesized that the greater variability observed in the 

oxygen isotopic abundance values may be due to the first fractionation stage during 

pulping, converting the wood chip into cellulose fibres. Between the two measurement 

points, a difference of almost 4 ‰ was observed between the raw wood chip and the 

separated cellulose fibres. As this process utilises heat, pressure, chemicals and large 

amount of water to wash the refined/extracted cellulose fibres, it is likely that the 

process input (i.e. the chemicals and the water) used in this process would vary over 

time, changing the fractionation observed and the cellulose values of the produced 

paper. This is in addition to the source variation expected from the wood chip itself.  
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As the 60 paper sample set measured using non-destructive and TLC results were 

compared to the sample 71 paper, the same 60 papers were removed from the larger 

background population and compared to sample 71 for carbon and oxygen isotopic 

discrimination.  

 

Table 10.2 summarizes the results of the comparisons. Each marked column denotes a 

called difference. In the column representing the combination of carbon and oxygen or 

grammage and density, ‘x’ denotes a carbon or grammage called difference, ‘y’ 

denotes an oxygen or sheet density called difference and ‘xy’ denotes a called 

difference using both isotopes or both grammage and apparent sheet density. The 

results marked with a ‘*’ are those sample pairs that have been discriminated with 

physical or light examination techniques that were not found to be different 

isotopically.  
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Sample 
Number 

Light 
Exams 

Grammage (x) 
Sheet Density (y) 

or Both (xy) TLC 

Carbon (x) + 
Oxygen (y) 
or Both (xy) 

43 x*  

46 x y 

47 xy 

48 x  

49 x*  

50 N/A xy 

53 x y 

54 x y xy 

56 x N/A xy 

66 x* xy* N/A  

67  

68 x x 

69 x y 

72 y 

73 y 

74  

75  

76  

77 y x 

79 y* N/A  

80 N/A x 

81 N/A  

82 N/A xy 

83 x x N/A xy 

84 x xy 

85 N/A xy 

86 x*  

87 xy 

88 xy x xy 

89 x xy x xy 

90 x N/A xy 

91 xy N/A xy 

92 x xy 

93 x x xy 

94 x x xy 

95 x xy xy 

96 x xy xy 

97 x y xy 

98 x y N/A xy 

99 x xy 

101 x y N/A xy 

102 x xy x y 
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Sample 
Number 

Light 
Exams 

Grammage (x) 
Sheet Density (y) 

or Both (xy) TLC 

Carbon (x) + 
Oxygen (y) 
or Both (xy) 

103 x x xy 

104 x x x xy 

105 xy x xy 

106 x xy x xy 

107 xy y 

108 x xy N/A y 

109 x xy xy 

112 x xy 

113 x x xy 

114 x x y 

115 x xy xy 

117 y 

118 y 

120 xy*  

121 x x xy 

122 x xy 

124 x xy 

125 xy xy 
Total # 
Discriminated 21 35 15 48 

Discrimination 
Power (DP) 0.35 0.58 0.25 0.80 

Table 10.2: Comparison of techniques used to discriminate 60 samples of 80gsm paper. 

 

 

Figure 10.5 collates the results in Table 10.2 into a flow chart that builds on the 

Discrimination Powers (DP) for each type of examination. There were 6 pairs that were 

discriminated using light and physical examination techniques that were not 

discriminated using carbon or oxygen isotopes. This has extended the total 

discrimination of this 60-sample set when compared to paper sample 71 to 54 pairs, a 

discrimination power of 0.9. 
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Figure 10.5: Summary of discrimination powers for range of techniques for comparison of 60-

sample paper set with paper sample 71
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The discrimination powers for the 60-sample set were calculated to be 0.6 and 0.75 for 

carbon and oxygen isotopes respectively. When combined, the two isotopes had a total 

discrimination power of 0.8 (48 of 60 samples compared to sample 71 were 

discriminated). The discrimination total contained 3 carbon only pairs, 11 oxygen only 

pairs and 34 pairs that were discriminated using both carbon and oxygen. These results 

again show that oxygen has a higher discrimination power than carbon but that in 

combination, the two isotopes can achieve a reasonably high discrimination, even 

within a limited sample set. The similarity of discrimination values also shows that 

this limited test set is representative for the wider population. 

 

The grammage and apparent sheet density results were shown to discriminate six 

sample pairs that were not discriminated using IRMS. No additional pairs were 

discriminated using TLC. One of the additional pairs that were called different was 

also found to be different using light examination techniques. This pair of samples 

(papers 71 and 66) have been produced in Australia under different brand names and 

as such, have likely been produced to different grades using the same source materials.  

 

Comparing these samples to samples that were produced at the same Australian mill 

around the same date (samples 67 and 74, 75 and 76) we see that discrimination was 

not called for these samples using isotopic measurements either. These results indicate 

that it may be possible for the two papers to be isotopically indistinguishable but have 

physical attributes that are different. These results suggest that it is worthwhile 

conducting these examinations prior to IRMS for discrimination purposes or as an 

additive result to strengthen the findings of other examination types however results of 

this kind are likely to lead to a challenging situation during interpretation.  

 

For the light examinations, the same pair of samples (papers 71 and 66) that were 

discriminated using grammage were also discriminated using the light techniques. 

72% (21 samples) of the isotopically discriminated samples were also discriminated 

using the light techniques.  

 

When compared to the isotopic discrimination values, TLC was not found to add any 

discriminated pairs unique to the ones discriminated isotopically. Given that both TLC 

and IRMS are destructive techniques, there does not appear to be a significant benefit 
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in undertaking TLC prior to IRMS measurement. There would be benefit however in 

utilising TLC analysis alongside IRMS to strengthen the opinion able to be given at 

the completion of the examination. This would assist in cases where for example, the 

carbon isotopic abundance value was observed to be different but oxygen was not.  

 

 
The purpose of defining an examination protocol is to outline an examination 

procedure that can be followed from evidence submission through to reporting. The 

interpretation stage in this protocol defines the questions that should be considered so 

that discrimination can be made. Provision also needs to be made for examination of 

papers using non-destructive techniques for cases where permission to undertake 

destructive examinations is not granted.  

 

Based on the comparison results discussed above, the following flow chart in Figure 

10.6 is proposed for the forensic examination and comparison of paper. While the 

experimental results show that IRMS is responsible for the majority of discrimination, 

inclusion of other paper examination techniques has been demonstrated to be 

beneficial. The turn around time for other paper examination techniques is also likely 

to be faster than IRMS, and more readily able to be provided as a preliminary 

indication of difference within the 48 hours generally required for intelligence level 

reporting. 

 

While it was shown to be useful in discriminating papers based on filler content, XRD 

is not being included here as the technique is not currently available in the AFP 

laboratory. If it becomes available in future, a verification study will be conducted and 

the technique added to the standard procedure.   

 

While a top down flowchart is provided in Figure 10.6, a concurrent examination 

protocol is possible if samples are removed from the bulk papers prior to 

humidification processes. While some correction is required for the weight 

measurements taken for grammage and apparent sheet density, this would allow all 

examinations to proceed within a shorter time period. It is also feasible to remove and 
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store samples from papers for IRMS and TLC, in case examination is required in 

future.  

 

 
Figure 10.6: Proposed examination flow chart using a range of examination techniques 

 

 

Within the proposed examination protocol, samples are received in the laboratory and 

the non-destructive techniques are undertaken prior to destructive techniques. A loop 

is provided however, to bypass the non-destructive techniques in favour of focusing on 

the more discriminating IRMS technique. TLC is included in this procedure, but as an 

optional technique to make clear that it is an accessory to IRMS to be used when 

appropriate. This is the same for XRD. 

 

Provision is made after each grouping of techniques (light, physical or IRMS) for 

interpretation and reporting.  

 

Where there are turnaround time constraints, permission to destruct is not given, or a 

more streamlined process is required, a concurrent examination procedure can be used 
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where samples are removed from the bulk papers prior to light and physical 

examination techniques.  The risk with this procedure is incorrect calculation of 

grammage and subsequent calculation of apparent sheet density, due to sample 

removal. The time saved would primarily be from the humidification control processes 

required.  

 

 
 

A large number of publications exist that discuss the interpretation of examination 

results in a forensic context. These documents include quality and standards 

documents, in particular the recently published Australian Standard on interpretation 

AS5388.3 Forensic Analysis – Interpretation (2013a) and the European Network of 

Forensic Science Institutes Guideline for Evaluative Reporting in Forensic Science 

(2015).  

 

From this document, interpretation is defined as a process whereby the examiner gives 

consideration to evaluating the information obtained from examinations, according to 

their ability to explain the issue in question. This can be achieved through the use of a 

combination of professional judgement or statistics, as long as the recognised 

limitations of the methods and instrumentation are taken into account.   

 

Evaluation and interpretation is a comparative process, the outcomes of which may be 

formulated into hypotheses, which are concurrently evaluated in light of the results 

obtained. At the end of the process an opinion will be given by the expert as to the best 

supported conclusion (Australia, 2013b).  

 

In European laboratories in particular, interpretation of forensic results follows an 

approach based on the Bayes Theorem (Armstrong and Hibbert, 2009, Biedermann et 

al., 2012, Hibbert and Armstrong, 2009, Taroni et al., 2004, ENFSI, 2015), which is 

defined as: 

 

Posterior odds = Prior odds x Likelihood ratio 
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where the likelihood ratio is an expression of the probability of the evidence observed, 

in the context of two or more alternate and opposing hypotheses. The two other factors 

in Bayes Theorem, the posterior odds (an expression of the probability of the two 

alternate hypotheses, given the evidence) and the prior odds (the probability of the two 

alternate hypotheses) are generally outside of the scope of most forensic examinations 

and expert roles.                                                                                                                                 

 

In general, there are two ways that Bayesian interpretation and reporting is applied to 

forensic casework. The first is an expression of the likelihood ratio that is calculated 

into a numerical expression of the probability of the hypothesis. Further to this, some 

laboratories have been constructing Bayesian Networks – probability webs that 

describe the likelihood of evidence given a number of factors (including situational, 

context and investigative factors) - to increase or decrease a likelihood ratio based on a 

case based assessment of the evidence (Biedermann et al., 2012, Taroni et al., 2004).  

 

In document examination, a number of papers have been published that have aimed to 

apply a Bayesian framework with numerical calculation of a likelihood ratio to 

handwriting examination and black toner evidence (Davis et al., 2012, Hepler et al., 

2012, Taroni et al., 2012, Biedermann et al., 2011). A number of papers have also 

used calculation of the likelihood ratios as part of an isotopic interpretation framework 

(Carter et al., 2014, Farmer et al., 2009b) for tapes and white architectural paints.  

 

While in use internationally, calculation and presentation of evidence using a 

numerical likelihood ratio is not commonplace for evidence types other than DNA in 

Australia. Concern over the accessibility and interpretation of the scales when 

presented to their intended audience – courts and juries – has meant that calculations 

of likelihood ratios in disciplines that do not naturally deal with numbers or statistics 

have been slow to change (Martire et al., 2013, Thompson and Newman, 2015).  

 

Given the range of examination types utilised here and the numerous contextual 

differences that will arise in casework, a combined approach to calculating a 

likelihood ratio (based solely on the document examination results) is recommended 

for development in future. Due to the length and detail of this project, and the focus on 

producing practical results, a decision was made to not include such a model here. 
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This is an approach that would assist in weighing opinions for reporting however it 

would never fully replace examiner expertise and decision-making.  

 

While a likelihood ratio calculation for just the IRMS analyses could be undertaken 

utilising the background database constructed along the same lines as presented by 

Farmer et al (2013), the collation of multiple examination types would require the use 

of more extensive modelling, where different examination results are used to 

determine a single likelihood ratio to describe the probability of two samples of paper 

coming from the same or different sources. An example of multiple examinations to 

form a combined likelihood ratio such can be found in (Taroni et al., 2006) which 

details the use of a Bayesian network to combine not only different results but 

different conditions related to the evidence (e.g. if the sample had been degraded).  

 

The focus for this project will instead be on identifying the decision and weighting 

points for opinion formulation based on experience by the examiner. As the data 

collected here would be easily transformed to a Bayesian model, this is strongly 

recommended for future development. Although Bayesian interpretation is not 

included in this project, the research and data here provide a strong evidence-based 

foundation for the formulation of subjective opinions arising from these forensic paper 

examinations.  

 

 
The factors affecting the interpretation (and hence weighting) of results can be placed 

into two broad categories – data/analytical factors and casework factors. For each of 

these categories the factors include: 

 

Data/analytical factors: 

• Analytical error – false positives 

• Homogeneity/variability of the material 

• Number of techniques showing discrimination 

• Types of techniques showing discrimination 

• Size of difference observed 
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Case context factors: 

• Purpose of document e.g. business, personal 

• Type of document – handwritten, printed 

• Environmental context (if known) e.g. exposure to heat, white powders 

• Age of document – known or assumed e.g. printed date 

• The question being posed by the examination e.g. page substitution, 

comparison with a suspect source, comparison between two or more 

questioned documents 

 

These factors have been combined into a proposed interpretation workflow, included 

as Figure 10.7. To accompany the workflow, Table 10.3 discusses each of the factors 

in greater detail, including the positive and negative impacts of each factor on the 

confidence of the examiners opinion when calling a difference. The magnitude of the 

confidence will be used to determine what level on the reporting scale the result is 

reported at. 
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Figure 10.7: Interpretation factors for the reporting of paper examination techniques 
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Factors to be considered Discussion 

How many techniques had 
an observed 
difference/similarity? 

 
If yes/no, what techniques? 

 
Confidence of a different source can be gained when 
differences are observed using IRMS and further increased 
when a non-destructive technique/s can be added to a 
chemical one. When only the light and physical examination 
techniques show a difference, thought should be given as to 
whether two different grades of paper that have originated 
from the same source are present.  
 
If discrimination cannot be achieved using the techniques, in 
particular IRMS, then there is support that the samples 
cannot be differentiated and may have originated from the 
same source or a source with the same chemical and 
physical properties.  
 

If a difference was observed, 
how large is it? 

 
For numerical results, confidence is increased the further 
away the result is from the benchmark value. For subjective 
interpretations, this is also the case however the magnitude 
of the difference is determined at the examiners discretion.  
 
For numerical results that are close to the benchmark values, 
false positives need to be considered. Variability of the 
material and the method of sampling also needs to be 
checked and considered for its possible effect at this point. 
Some differences may still be called when two samples vary 
within the 95% confidence interval (2 x standard deviations) 
however a full opinion of difference of source should not be 
given in these cases.  
 
Are the results obtained from the examinations straight 
forward i.e. are the differences clear and for multiple page 
cases, are the differences repeatable? If so, there is no 
negative impact on the confidence level.  
 
The confidence level or weighting can be negatively 
impacted by results that are difficult to interpret (including 
ones that are close ti the benchmark/discrimination values) 
or inconsistent across multiple pages that are expected to 
have the same results. 
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 Are the documents in a 
comparable form? 

 
Documents that are in a comparable form do not negatively 
effect the confidence. An example of documents with a 
comparable form are multiple pages that have been 
produced using the same printing technique, and that have 
been sampled appropriately. 
 
When documents have a limited comparability the 
confidence in the results of the comparison should be 
questioned. This is particularly the case when the papers 
have been significantly affected by a known environmental 
factor. An example this could be found in casework where a 
heavily handled piece of paper is requested to be compared 
to a blank/clean sheet seized from a suspect’s premises. 
 

Are there any other 
limitations to the 
examination that may impact 
on the interpretation of the 
results? 

 
If no, the confidence level previously reached will not be 
affected.  
 
The more limitations that are associated with the 
examination, the larger the impact. Limitations could 
include: forensically examined, environmentally affected or 
previously damaged documents.  
 

Were there any quality 
control issues with the 
results?  

 
Check measurement results, QA samples (for IRMS) and 
blanks to ensure that the measurements made were robust. 
Check data correction techniques to ensure correction was 
undertaken correctly. Check that handling with respect to 
hygroscopicity was conducted appropriately. 
 

Is there sufficient 
background information to 
understand the variability of 
the paper? 

 
Is the paper 80gsm standard white office paper or a different 
paper? Does a background population/sample need to be 
undertaken to confirm the variability of the material?  
 

Table 10.3: Interpretation factors with a discussion of their impacts on confidence. 

 

 

For examination results that do not have an observable difference, interpretation is in 

some ways simpler and should focus on ensuring that the examinations conducted and 

the results produced are of a sufficient quality to ensure that the results are robust. This 

would be done through quality control processes built in to the examination 
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procedures and would likely require only a short revision of the methods used and the 

results obtained, generally through a technical review process.  

 

 
 

Similarly to the Australian Standard for interpretation, an Australian Standard has 

been published to give guidance on the reporting required for forensic results. The 

standard AS5888.4 Forensic Analysis – Reporting (2013a) aims to standardize the 

format and content of reports in terms of communicating results and opinions and to 

provide the reader with the transparency required to properly assess its contents.  

 

The main component that needs to be considered is the form of the reporting scale 

used and how the interpretation feeds into the expression and formulation of an 

opinion. The other more general requirements and structure of reporting will be 

facilitated or provided by the examiners quality assurance system or the jurisdiction 

they are working within.  

 

With respect to opinion reporting scales, there are two general types in use in forensic 

reporting – probabilistic scales which express the strength of the opinion against two 

opposing alternate hypotheses and evaluative scales which typically express opinions 

in terms of the strength of the association e.g. in handwriting examinations that use an 

evaluative scale, the strength of the association between the specimen and questioned 

material.  

 

A verbal probabilistic scale is proposed here, that will have two weighted support 

levels for values that are discriminated, next to an inconclusive opinion. For the 

opposing side of the scale, when similarities are observed, a single unweighted 

statement will be utilised, which will include an additional comment on the limitations 

related to positively associating source in mass manufactured materials.   

 

This is approach is similar in nature to the existing schemes in other trace chemical 

evidence reporting. This scale can also be adapted and used if numerical likelihood 

ratios are developed in future however expansion of the similarities side of the scale 
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would require significant database development and the use of further chemical testing 

using a greater number of techniques.  

 

A suggested reporting appendix to attach to technical reports is included in Appendix 

4. 

 

 
In general, the propositions to be considered will be: 

 

Proposition 1: The specimen and questioned papers originated from the same source 

Proposition 2: The specimen and questioned papers originated from a different source 

 

As papers are a manufactured material, even using highly discriminating techniques 

such as the ones here, the possibility that more than one source has produced a paper 

of the same physical, optical, chemical and isotopic properties cannot be excluded. 

Additionally, the size of a source or batch produced in the same facility cannot be 

defined. Due to this, when no difference is observed between questioned and specimen 

papers, in general, it is not possible to weigh the proposition in terms of the papers 

having solely originated from the same source as it is equally likely that another batch 

(hence source) produced a paper of the same properties.  

 

The weight of the evidence should be scaled to formulate one of the following 

opinions: 

 

• There is support for the proposition that the specimen and questioned papers 

originated from the same source, or from a source with the same physical, optical, 

chemical and isotopic properties, rather than a different one.  

 

• The evidence favours neither proposition and the results are inconclusive. 

 

• There is support for the proposition that the specimen and questioned papers may 

have originated from different sources, rather than from the same one. 
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• There is strong support for the proposition that the specimen and questioned 

papers originated from different sources, rather than from the same one.  

 

 
 

A comparison between the discrimination powers for carbon and oxygen isotopes, and 

for all other examination types was conducted. Oxygen isotopes were observed to be 

the most discriminating of the techniques and with carbon, resulted in a total 

discrimination of 89% of the 123-paper sample background population.  

 

Although their discrimination powers were observed to be lower, the physical and 

light examination techniques were shown to be complimentary and are proposed to be 

used prior to IRMS measurement, or as a substitute when permission for destructive 

sampling is not granted. TLC comparisons were not found to add new information to 

the IRMS results and hence are seen as an optional technique for use in cases where 

the other results obtained may be ambiguous or when IRMS is not available. Where 

available, XRD should be added to identify the types of filler materials in the samples, 

prior to IRMS.  

 

An examination protocol that commences with non-destructive techniques followed by 

the destructive chemical techniques is proposed for the examination of papers in 

casework. To sit alongside this, an interpretation and reporting framework has been 

proposed for the expression of results.  

 

Future work should focus on the transformation of the data collected and the 

interpretation framework into a Bayesian framework using likelihood ratios to better 

inform the confidence statements utilised in reporting.  
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While the experiments detailed in the previous chapters have demonstrated 

discrimination between paper samples and an examination protocol based on these 

results proposed, samples that mimic casework scenarios have yet to be tested. The 

aim of this chapter is to conduct a blind trial to test the proposed protocol in a manner 

that removes bias and is the closest comparison available to future casework 

applications. This is an essential final step to ensure that the procedure developed is 

ready for accreditation and application in an operational context.  

 

The trials to be tested include: 

• Single page comparisons, likely to be requested in cases such as threatening or 

anonymous correspondence where common source is required to be established 

or in cases where multiple pages have been produced, which purport to have 

been produced over a time range but may have been produced at one time.  

• Questioned to specimen comparisons where single page questioned documents 

are to be compared to papers collected from one or more suspect reams, likely 

to have been seized from printers.  

• Cases of suspected page substitutions in documents such as contracts and wills. 

As modern typed documents are typically easy to reproduce, page substitutions 

can difficult to detect if the substitution is undertaken with care.  

 

The overall aim of conducting these blind trials is to determine if the examination, 

interpretation and reporting protocols are appropriate and effective for the casework 

examination of papers.  
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As these trials involved the examination of physical materials, a single blind trial was 

appropriate, where the each of the trials involved testing and interpretation by one 

researcher without prior knowledge of the expected result. A colleague that has 

previously not been involved with this project collated the trials. The papers were 

selected from the 125 paper background samples and all of the papers were selected 

and combined randomly with no reference to prior results. The trial samples were 

marked with a sample number and placed into plastic sheet protectors marked A to H.   

 

8 tests were prepared that varied amongst the casework examination types as follows: 

• 5 x single page (1:1) comparisons, with papers marked as samples 1-10, 

designated tests A-E  

• 1 x single toner printed page marked as paper sample 11, to be compared to a 

single specimen ream with three pages marked as paper sample 12, designated 

test F 

• 1 x single toner printed page marked as paper sample 13, to be compared to 

three specimen reams, containing three pages in each specimen, marked as 

paper samples 14, 15 and 16, designated test G 

• 1 x seven page toner printed document that may have had a page substituted, 

with papers marked as samples 17 – 23, designated test H 

 

To add complexity and to more closely mimic casework situations, the questioned 

paper samples within tests F and G and the page substitution trial test H contained 

documents that had been produced using a toner printing process. Toner was selected 

over an inkjet printing process as it was shown to have a greater effect on the isotopic 

abundance values measured if included when the paper was sampled. Toner printing 

was introduced onto the pages in a typical document style (full page of text with single 

spacing in paragraphs), across the entirety of the page. An image of one of the printed 

documents is shown in Figure 11.1 below.  
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Figure 11.1: Image of paper sample 11 from test F showing toner printing on page. 

 

The tests to be undertaken (as per the proposed examination flowchart) include: 

• Light examination techniques – UV, transmitted and ambient light 

• Physical examination techniques – grammage and apparent sheet density 

• Measurement of carbon and oxygen isotopes using IRMS 

 

A decision was made not to include TLC comparisons in this blind trial as it does not 

form part of the core examination protocol being proposed. All analytical methods and 

sampling protocols utilised, excluding the carbon IRMS method, are based on the 

methods presented in previous chapters.  

 

As per previous experiments, no paper humidity control process will be utilised as it is 

assumed that the paper moisture content would have equilibrated during storage time. 
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For casework, humidification process (as discussed in prior chapters) would need to be 

followed.  

 

For the trials that include 3 sheets of specimen paper for the suspect reams/printers, 

the samples were treated in the following manner:  

• For the light examination techniques, each of the 3 sheets was cross-compared 

to ensure homogeneity. If homogeneity was observed one sheet was selected 

for comparison against the questioned paper 

• For the grammage and apparent sheet density, each of the 3 sheets was 

measured separately and a combined mean value calculated for comparison to 

the questioned sheet  

• For the IRMS analysis, triplicate samples were taken from each of the 3 sheets 

(9 replicates in total) and a mean value calculated for comparison to the 

questioned sheet. When no difference was observed between the sheets, these 

were combined with a pooled mean and standard deviation value obtained for 

all sheets.  

 

For the printed papers a 15X hand magnifier was used to identify regions that were 

free from extraneous toner before the samples were removed from the sheet.  

 

 
Between the completion of the carbon isotope work presented in Chapters 2-4 and the 

blind trials, the autosampler attached to the Flash EATM 1112 was upgraded to a 

Costech Zero Blank autosampler (Thermo Finnigan, Sydney, Australia). The EA 

method was modified to account for the change in operation of the autosampler, with 

the oxygen pulse extended from 3 to 10 seconds at 250mL/min and the sample 

dropped at 5 seconds. While this is likely to be an excess of oxygen, the sample 

combustion was observed to be efficient using these settings. Production of nitrous 

oxide (N2O) was considered (which is known to cause isobaric interference) but based 

on prior experiments and the low proportion of nitrogen in paper, the likelihood of this 

type of interference was considered to be low. No interference was observed in the 

chromatography. The EA temperatures, including the GC column, and packing 

materials were unchanged.  
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The results of each test undertaken will be presented here separately, with 

interpretation and a final conclusion based on the results included. The observations 

and notes made will be in a similar format to casework. Differences are called based 

on observations (for the light examination techniques) or the benchmark values 

defined (for physical examinations and isotopic data). For ease of reference, the 

benchmark values are 0.5 ‰ for δ13CVPDB, 0.7 ‰ for δ18OVSMOW, 2.5gsm for 

grammage and 35kg/m3 for apparent sheet density.  

 

An interpretation table based on the one included in Chapter 10 will be used for each 

test to aid in the weighting of the final subjective opinion. While this will not be used 

directly for casework, a discussion of the key aspects presented here should be 

included in casework notes.  

 

 
Some visible differences were observed between paper 1 and paper 2 in ambient light. 

This included a slight colour difference (paper 1 appears to be more yellow than 

sample 2). The colour difference in particular is visible in the transmitted light image.  

Lines from the production process are visible under UV light at 365nm in paper 2. No 

lines are observed on paper 1. These results are shown in Figure 11.2 below.  
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Figure 11.2: Light examination including ambient, transmitted and UV (at 256nm) for trial A 

 

 

 

Table 11.1 contains the data obtained for the two samples: 

 Paper 1 Paper 2 Difference 

Grammage (gsm) 83.25 78.852 4.39 

Apparent Sheet Density (kg/m3) 803.53 786.16 17.36 

Mean δ13CVPDB ± 1 Std Dev (‰) -23.61 ± 0.08 -28.87 ± 0.05 5.27 

Mean δ18OVSMOW ± 1 Std Dev (‰) 29.40 ± 0.21 21.96 ± 0.27 7.44 

Table 11.1: Results of grammage, apparent sheet density and  

isotopic measurements for blind trial A 
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The interpretation workflow for these results is contained in Table 11.2: 

 

Factors to be considered Discussion 

Did the results of any 

techniques have an observed 

difference/ similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

 

Differences were observed in four techniques - light examination, 

grammage and both carbon and oxygen IRMS.   

 

The apparent sheet density could not be differentiated using the 

benchmark value however the two sample values were not close. 

 

Differences in construction (colour and opacity) were observed 

using the light examination techniques. Grammage between the 

sheets was significantly different – more than double the 

benchmark value.  

 

Significant differences in the isotopic abundance values of the 

papers were observed: 5‰ for carbon, 7‰ for oxygen.  

 

While the apparent sheet density did not show a difference, this 

does not lower the confidence given the difference in the apparent 

sheet density and the magnitude of the difference in the IRMS 

results.  

 

 

Are the documents in a 

comparable form? 
Yes 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  

Table 11.2: Interpretation considerations for blind trial A 

 

Final Opinion:  

Based on these examination results, in my opinion there is strong support for the 

proposition that the two paper samples originated from different sources, rather than 

from the same one.  
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No overt differences were observed between paper 3 and paper 4 in ambient, 

transmitted or UV light.  There may be a slight colour difference, with paper 4 

appearing more yellow than paper 3. These results are shown in Figure 11.3 below.  

 

      

 
Figure 11.3: Light examination including ambient, transmitted and UV (at 256nm) for trial B 

 

Table 11.3 contains the data obtained for the two samples: 

 Paper 3 Paper 4 Difference 

Grammage (gsm) 79.97 77.31 2.66 

Apparent Sheet Density (kg/m3) 811.89 796.98 14.88 

Mean δ13CVPDB ± 1 Std Dev (‰) -23.56 ± 0.07 -23.51 ± 0.02 0.05 

Mean δ18OVSMOW ± 1 Std Dev (‰) 29.29 ± 0.09 29.51 ± 0.02 0.22 

Table 11.3: Results of grammage, apparent sheet density and isotopic measurements for blind trial 

B 
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The interpretation workflow for these results is presented in Table 11.4: 

 

Table 11.4: Interpretation considerations for blind trial B 

 
 

 

Final Opinion:  

Based on these examination results, in my opinion there is support for the proposition 

that the specimen and questioned papers originated from the same source, or from a 

source with the same physical, optical and isotopic properties, rather than from 

different ones.  

 

 

 

 

 

Factors to be considered Discussion 

 

Did the results of any 

techniques have an observed 

difference/similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

A difference larger than the benchmark value was observed in the 

grammage results. The difference observed was close to the 

benchmark value. 

 

No difference was observed using light examination techniques, 

apparent sheet density or IRMS. The difference between the 

carbon and the oxygen isotopic results is very small and within the 

instrument measurement uncertainty. 

Are the documents in a 

comparable form? 
Yes 

 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  
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No overt differences were observed between paper 5 and paper 6 in ambient, 

transmitted or UV light. Using transmitted and UV light, similarities were observed in 

the paper fibre dispersion of the sheets. No colour differences were observed. These 

results are shown in Figure 11.4 below.  

 

    
 

 
Figure 11.4: Light examination including ambient, transmitted and UV (at 256nm) for trial C 

 

 

Table 11.5 contains the data obtained for the two samples: 

 Paper 5 Paper 6 Difference 

Grammage (gsm) 84.98 83.12 1.86 

Apparent Sheet Density (kg/m3) 857.59 853.41 4.189

Mean δ13CVPDB ± 1 Std Dev (‰) -23.71 ± 0.09 -23.67 ± 0.11 0.03 

Mean δ18OVSMOW ± 1 Std Dev (‰) 29.57 ± 0.22 29.50 ± 0.02 0.07 

Table 11.5: Results of grammage, apparent sheet density and  

isotopic measurements for blind trial C 
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The interpretation workflow for these results is presented in Table 11.6: 

Factors to be considered Discussion 

 

Did the results of any 

techniques have an observed 

difference/similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

  No differences were observed in any of the tests.  Observed 

similarities were strengthened by the low standard deviation 

values calculated. 

 

The observed differences are very small, as are the standard 

deviations of sample measurements. For the IRMS results in 

particular, this indicates good analytical precision. 

Are the documents in a 

comparable form? 
Yes 

 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  

Table 11.6: Interpretation considerations for blind trial C 

 

 

Final Opinion:  

Based on these examination results, in my opinion there is support for the proposition 

that the specimen and questioned papers originated from the same source, or from a 

source with the same physical, optical and isotopic properties, rather than from 

different ones.  
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Differences were observed between paper 7 and paper 8 using transmitted light. 

Differences include the dispersion of the fibres throughout the paper and in the texture 

on the surface of the paper (particularly when looking at paper 8).  Similarities and no 

overt differences were observed using white and UV light. Given the mixture of 

results, the observations made with transmitted light should be used with caution. 

These results are shown in Figure 11.5 below.  

    

 
Figure 11.5: Light examination including ambient, transmitted and UV (at 256nm) for trial D 

Table 11.7 contains data obtained for the two samples: 

 Paper 7 Paper 8 Difference 

Grammage (gsm) 83.81 83.11 0.69 

Apparent Sheet Density (kg/m3) 843.12 805.34 37.78 

Mean δ13CVPDB ± 1 Std Dev (‰) -23.72 ± 0.03 -26.45 ± 0.04 2.74 

Mean δ18OVSMOW ± 1 Std Dev (‰) 28.75 ± 1.10 23.08 ± 0.12 5.66 

Table 11.7: Results of grammage, apparent sheet density and isotopic measurements for blind trial 

D 
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The interpretation workflow for these results is presented in Table 11.8: 

Factors to be considered Discussion 

 

Did the results of any 

techniques have an observed 

difference/similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

 Three techniques, including both isotopes, discriminated the 

samples. Differences were observed in the apparent sheet density. 

Large differences were observed in the carbon and oxygen 

isotopic abundance values (2.7‰ for carbon, 5.6‰ for oxygen) 

lending weight to the proposition of different source.  

 

Grammage, ambient and UV light were observed to be similar 

Are the documents in a 

comparable form? 
Yes 

 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  

Table 11.8: Interpretation considerations for blind trial D 

 

 

Final Opinion:  

Based on these examination results, in my opinion there is strong support for the 

proposition that the two paper samples originated from different sources, rather than 

from the same one.  
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Similarities and no differences were observed between paper 9 and paper 10 when 

observed using ambient, transmitted and UV light. These results are shown in Figure 

11.6 below.  

 

     

 
Figure 11.6: Light examination including ambient, transmitted and UV (at 256nm) for trial E 

 

Table 11.9 contains the data obtained for the two samples: 

 Paper 9 Paper 10 Difference 

Grammage (gsm) 79.06 77.64 1.42

Apparent Sheet Density (kg/m3) 790.56 778.72 11.83 

Mean δ13CVPDB ± 1 Std Dev (‰) -23.56 ± 0.07 -23.50 ± 0.04 0.06 

Mean δ18OVSMOW ± 1 Std Dev (‰) 29.33 ± 0.35 29.54 ± 0.12 0.20 

Table 11.9: Results of grammage, apparent sheet density and isotopic measurements for blind trial 

E 
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The interpretation workflow for these results is presented in Table 11.10: 

Factors to be considered Discussion 

 

Did the results of any 

techniques have an observed 

difference/similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

  Nil differences were observed. Similarities were observed for all 

techniques, in particular for the IRMS results which are very 

closely grouped.  

  Similarities were observed between paper 7 and paper 8 using 

both carbon and oxygen isotopes. The values would not be 

discriminated using the benchmark values and the measurement 

standard deviations indicate good analytical precision.   

Are the documents in a 

comparable form? 
Yes 

 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  

Table 11.10: Interpretation considerations for blind trial E 

 

 

Final Opinion:  

Based on the observations and results of the tests conducted, in my opinion, there is 

support for the proposition that the specimen and questioned papers originated from 

the same source, or from a source with the same physical, optical, chemical and 

isotopic properties, rather than from a different one.  
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As three pages were provided for paper 12 for comparison against paper 11, paper 12 

was cross-compared initially to ensure that it was consistent. For the light examination 

techniques, and the images presented here, once consistency was ensured a single page 

(12a) was selected for direct comparison against paper 11.  

 

No difference was observed using transmitted light between papers 11 and 12. Small 

differences were observed when viewing the papers with ambient light (paper 11 

appeared slightly more yellow) and UV (paper 11 is duller than paper 12). Given the 

toner printing on paper 11, which may have changed the look/colour of the sheet and 

the issues with discrimination using UV alone, a clear difference was not seen using 

light examination techniques. These results are shown in Figure 11.7 below.  

 

    

 
Figure 11.7: Light examination including ambient, transmitted and UV (at 256nm) for trial F 
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Table 11.1 contains the data was obtained for the two samples: 

 Paper 11 Paper 12 Difference 

Grammage (gsm) 79.76 82.01 2.24 

Apparent Sheet Density 

(kg/m3) 
790.54 779.21 11.34 

Mean δ13CVPDB ± 1 Std Dev 

(‰) 
-28.22 ± 0.06 -29.13 ± 0.16 0.91 

Mean δ18OVSMOW ± 1 Std Dev 

(‰) 
22.66 ± 0.15 21.68 ± 0.18 0.98 

Table 11.11: Results of grammage, apparent sheet density and isotopic measurements for blind 

trial F 

 

The interpretation workflow for these results is presented in Table 11.12: 

Factors to be considered Discussion 

Did the results of any 

techniques have an observed 

difference/similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

 

Differences were observed using both carbon and oxygen isotopic 

values. No difference was observed when comparing the papers 

using grammage and apparent sheet density.  

 

The IRMS results show a difference between the papers, 

confirming the observations made with the light examination 

results. The differences are not large but are larger than both the 

benchmark values.  

 

Are the documents in a 

comparable form? 
Yes 

 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  

Table 11.12: Interpretation considerations for blind trial F 

 

Final Opinion:  

Based on the observations and results of the tests conducted, in my opinion, there is 

support for the proposition that the specimen and questioned papers originated from 

different sources, rather than from the same one. 
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Three specimen/suspect paper samples, with three pages per specimen, were compared 

to toner printed paper 13.  

 

Paper 14 was observed to be different to paper 13 when compared with ambient and 

transmitted light. No other overt differences were observed when comparing paper 13 

with the specimen papers 15 and 16. These results are shown in Figure 11.8 below. 

 

     

 
Figure 11.8: Light examination including ambient, transmitted and UV (at 256nm) for trial G
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Table 11.13 contains the data that was obtained for the samples: 
 Paper 13 (Q) Paper 14 Paper 15 Paper 16 

Grammage (gsm) 79.32 80.65 79.57 79.59 

Difference  1.34 0.26 0.28 

Apparent Sheet Density (kg/m3) 796.36 766.73 787.91 779.21 

Difference  29.62 8.45 35.17 

Mean δ13CVPDB ± 1 Std Dev (‰) -27.83 ± 0.18 -23.59 ± 0.25 -27.92 ± 0.04 -26.83 ± 0.05 

Difference  4.24 0.09 1.00 

Mean δ18OVSMOW ± 1 Std Dev 

(‰) 
22.67 ± 0.21 26.80 ± 0.15 22.74 ± 0.12 22.39 ± 0.18 

Difference  4.13 0.07 0.29 

Table 11.13: Results of grammage, apparent sheet density and isotopic measurements for trial G 

 

The interpretation workflow for these results is presented in Table 11.14: 

Did the results of any 

techniques have an observed 

difference/similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

Differences were observed between Paper 13 and Paper 14 using 

light examination, grammage and both carbon and oxygen 

isotopes. The differences are large, particularly for the isotopic 

measurements.  

 

No differences were observed between Paper 13 and Paper 15.  

 

Differences were observed between Paper 13 and Paper 15 using 

apparent sheet density and carbon isotopic abundance values. No 

other differences were observed. 

 

Large differences in the isotopic abundance values were observed 

between paper 13 and paper 14. For paper 16, the predominant 

difference observed was the carbon isotopic abundance values. 

The difference was well above the conservative benchmark value 

and was strengthened by the differences also observed in the 

apparent sheet density. 

 

 

Are the documents in a 

comparable form? 

Paper 13 has been toner printed however samples were taken 

appropriately to account for this. 
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Is the comparison simple or 

complex? 
Complex, due to mixed IRMS results for paper 16 

 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  

Table 11.14: Interpretation considerations for blind trial G 

 

Final Opinion:  

Based on the observations and results of the tests conducted, in my opinion, there is 

strong support for the proposition that questioned paper 13 originated from different 

sources than the specimen papers 14 and 16, rather than from the same one.  

 

Based on the observations and results of the tests conducted, in my opinion, there is 

support for the proposition that the questioned paper 13 originated from the same 

source as the specimen paper 15, or from a source with the same physical, optical, 

chemical and isotopic properties. 
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In this trial, the examiner was asked to compare seven sheets of paper (papers 17 to 

23) to determine if a page substitution had occurred. This may commonly be 

encountered in casework as a page substitution or alteration to a contract for example. 

The papers were examined using transmitted light in a single layer, to ensure there was 

no influence from the papers that may be underneath. For the ambient and UV light 

techniques, the results were not observed to be different when viewed as single layers 

or overlaid and as such, the seven pages were stacked and are presented as a single 

image here.  

 

Page 22 was observed to be different using ambient and UV light but not transmitted 

light. All other pages were observed to be similar in colour and in their reaction to 

transmitted and UV light.  

 

These results are shown in Figure 11.9 below.  
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Figure 11.9: Light examination including ambient, transmitted and UV (at 256nm) for trial H 
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Table 11.15 contains the data obtained for the seven pages, with isotopic data plotted 

in Figure 11.10: 

 Paper 17 Paper 18 Paper 19 Paper 20 Paper 21 Paper 22 Paper 23 

Grammage 

(gsm) 
80.55 80.54 80.61 80.78 81.06 79.32 80.91 

Apparent Sheet 

Density (kg/m3) 
780.54 784.23 784.15 776.74 777.97 780.02 786.29 

Mean δ13CVPDB  

± 1 Std Dev (‰) 

-20.90 ± 

0.07 

-20.87 ± 

0.14 

-20.73 ± 

0.24 

-20.98 ± 

0.04 

-20.48 ± 

0.02 

-25.91 ± 

0.07 

-20.79 ± 

0.25 

Mean 

δ18OVSMOW  

± 1 Std Dev (‰) 

27.03 ±  

0.09 

27.35 ±  

0.14 

27.31 ± 

0.14 

27.29 ± 

0.12 

27.45 ± 

0.08 

22.19 ± 

0.18 

27.12 ± 

0.09 

Table 11.15: Results of grammage, apparent sheet density and isotopic measurements for trial H 

 

 

 

 
Figure 11.10: Carbon and oxygen isotopic results for seven sheets in blind trial H 
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The interpretation workflow for these results is presented in Table 11.16: 

Factors to be considered Discussion 

 

Did the results of any 

techniques have an observed 

difference/similarity? 

 

If yes, what technique/s? 

 

If yes, how large was the 

difference? 

 

  

Differences were observed between paper 22 and the remaining 

pages using light examination and IRMS. The differences 

observed for the isotopic abundance values of paper 22 when 

compared to the other sheets are significant. This is most easily 

observed in Figure 11.10.   

 

No differences were observed between the light examination 

techniques, physical measurements and isotopic abundance values 

for papers 17-21 and paper 23. 

Are the documents in a 

comparable form? 
Yes, all documents were toner printed. 

Is the comparison simple or 

complex? 
Complex, as multiple pages are required to be compared. 

 

Are there any other identifiable 

limitations to the examination 

that may impact on the 

interpretation of the results? 

No limitations were identified.  

Table 11.16: Interpretation considerations for blind trial H 

 

 

Final Opinion:  

Based on the observations and results of the tests conducted, in my opinion, there is 

strong support for the proposition that paper 22 has been substituted from the 

document and has originated from a different source to the other papers (17-21 and 

23).  
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Table 11.17 contains the results of the blind trials: 

 Trial Outcome 
Trial Paper  

Number 
Paper Brand Origin 

Correctly 

called? 

A Papers are different 
1 Spilman  Australia 

Yes 
2 Victory High White  Indonesia 

B 

Papers are different 

variants of the same 

brand 

3 Post Office Brand  Australia 

Unknown 
4 

Post Office 

Economy  
Australia 

C 
Papers are from same 

ream 

5 Reflex  Australia 
Yes 

6 Reflex Australia 

D Papers are different 
7 Reflex  Australia 

Yes 
8 Coles  India 

E 
Papers are from the 

same ream 

9 
Post Office 

Economy 
Australia 

Yes 

10 
Post Office 

Economy  
Australia 

F 

Papers are from the 

same brand, but 

different reams 

11 Paper One Indonesia 
Yes 

12 Paper One Indonesia 

G 

Paper 13 has 

originated from the 

same ream as Paper 15 

and is different to 

Papers 14 and 16 

13 Kodak  Indonesia  

14 Officemax  South Africa Yes 

15 Kodak Indonesia Yes 

16 
Woolworths 

Essentials 
Indonesia Yes 

H 

Paper 22 has 

originated from a 

different ream and 

brand to Papers 17-21 

and 23. 

17-21 and 23 
Fuji Xerox 

Performer 
Unknown 

Yes 

22 Victory High White  Indonesia 

Table 11.17: Collated results of blind trials A-H 
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In the majority, the trial results were correctly called. In trial B, two papers that were 

produced in the same country but packaged as different brands were presented for 

discrimination. The results obtained for all tests indicated that the papers were similar 

and hence could not be discriminated. Very simply, this would indicate that the papers 

have originated from the same source, or a source that produced papers with the same 

optical, physical and isotopic properties. For Australian papers in particular (which 

make up 30% of the background population sampled in this project) this is expected 

and should not be treated as an incorrect result.    

 

Some quality assurance issues were encountered with trial G that resulted in the 

carbon analytical sequence being repeated. There were a number of reasons for these 

issues, which may have included: 

• Chromatography issues with the instrument due to exhaustion of the internal 

packings or incomplete combustion; 

• Correction issues with the international standards (imprecision of the 

calibration line) due to chromatography issues; or 

• Incorrect benchmark/discrimination value assigned for carbon isotopes, that 

resulted in a false negative being created. 

 

The initial carbon isotopic values obtained created a type 2 error (a false negative/ 

discrimination) between the questioned paper 13 and the specimen paper 15 in trial G. 

Given the wording on the inclusion side of the opinion scale - that the findings 

indicate support either the same or a similar source of the questioned and specimen 

papers - discriminating papers that have originated from the same source is the most 

significant error that could occur in casework. Given this, the cause of this error needs 

to be determined to prevent this from occurring in casework in future.  

 

Through critical evaluation of the analytical sequence, issues with the analytical 

precision of the first sequence were identified. The international cellulose quality 

control material utilised was incorrectly scale normalised, indicating issues with the 

measured values obtained for the international standards used for calibration 

(polyethylene and sucrose).  

 



Blind Trial of Examination Protocol 

 271 

The source of the problem was traced to combustion issues with the Flash EA, which 

were evident in the chromatography and that particularly affected the last sets of 

polyethylene and sucrose international standards run at the end of the sequence. This 

sequence highlighted the need to measure and monitor quality assurance materials to 

ensure that calibration and discrimination issues are not created that result in serious 

errors during interpretation.  

 

 
 

A series of blind trials were conducted to test whether the paper examination 

procedure, including light examination, physical and isotopic measurement of papers 

could be used to correctly discriminate samples. The tests ranged from single sheet 

comparisons to more complex comparisons with multiple specimen pages and printed 

questioned sheets.  

 

The examination and interpretation procedure, which included the use of IRMS, was 

shown to be successful in discriminating paper samples from different sources. 

Through quality assurance checks, an analytical sequence was repeated before results 

were reported, demonstrating the importance of monitoring in producing quality 

results.  

  

Overall the techniques, examination protocol, interpretation and reporting frameworks 

proposed for the forensic comparison and discrimination of document papers was 

observed to be precise, robust and fit for purpose in casework.  
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This project has shown that IRMS is a valuable tool in the examination and 

comparison of document papers. By measuring the carbon and oxygen isotopic values 

of a background population of papers collected from Australia and New Zealand, 

variability between paper sources was demonstrated and a combined discrimination of 

89% of samples was achieved.  

 

The analytical methods have been developed, optimized and validated to international 

quality control standards so that they can be utilised as part of casework in a 

laboratory accredited under ISO17025 (International Organisation for Standardisation, 

2005).  

 

The carbon method validation was shown to produce robust and reproducible results 

with a measurement uncertainty of 0.26 ‰, well within the discrimination benchmark 

value defined. The oxygen method, while accurate within an analytical sequence, did 

suffer from some reproducibility issues that will require further work to rectify. 

Overall however, the oxygen method produced results were robust when quality 

controls were closely monitored.  

 

For both the carbon and oxygen isotopes of paper, the within ream homogeneity of 

paper was examined, first by looking to determine the natural variability of seven 

different brands. Experiments on single reams, using a number of different sampling 

techniques, were valuable in highlighting a significant risk was posed from the relative 

inhomogeneity of a single ream of paper. This was most clearly demonstrated when 

discrimination could be called between different sampling groups, using a 95% 

population discrimination. Use of discrimination at this level would mean that the 

technique would only be of use in casework for associating pieces of paper from the 

same sheet e.g. in cases where the piece of paper had been torn.  
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To ensure that discrimination within the same ream is avoided, benchmark values 

were determined for both isotopes, based on the largest range of variation observed for 

a single ream from seven brands. The proposed benchmark values were tested during 

subsequent intra-ream variation studies where 7 sheets from 7 reams and 7 brands 

were measured to determine the variability of reams produced from the same brand at 

the same time (i.e. the batch variability).  

 

These benchmark values, 0.5 ‰ for carbon and 0.7 ‰ for oxygen, were found to be 

robust in avoiding discrimination of samples from the same source whilst still 

providing sufficient discrimination in the broader population i.e. from between 

different brands. Some effect was observed for the oxygen isotopes with respect to 

comparison of values across different analytical runs and an extended benchmark 

value of 1 ‰ was defined for samples that needed to be compared between analytical 

sequences.  

 

Further work has been conducted to ensure that IRMS was ready for casework 

application and interpretation. These experiments aimed to determine the effect of 

usage and forensic testing on the isotopic abundance values measured. Toner printed 

documents were found to pose a risk to comparability, as did documents that had been 

heavily handled or exposed to charring. Forensic testing, including DNA tapelifting 

and fingerprint treatment, did not have an effect on the carbon isotopic values 

measured but did shift the oxygen values.  

 

A short scoping study for hydrogen isotopes was conducted which, for the limited 

sample set selected, was not observed to add discrimination beyond that achieved 

using carbon and oxygen. 

 

Other, traditional paper examination techniques were used on a sub set of 60 papers 

from the background population, to extend the work beyond just IRMS examinations. 

While some issues were encountered for subjective discriminations such as those 

required in the light examinations, discrimination at a lower level (between 25 and 

50%) was observed for the sample set for each examination type.  
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Finally, an examination protocol, based on a combination of techniques was 

constructed with an interpretation and reporting framework to sit alongside the 

analytical results obtained.  

 

A range of future work has been identified from this project. These recommendations 

include: 

1. Based on the results seen here, for other analytical techniques that are 

attempting to measure and compare document papers using elemental 

abundance techniques, the homogeneity of the ‘source’ material needs to be 

explored in detail. This is especially true of the work being undertaken using 

techniques such as laser ablation inductively coupled plasma mass 

spectrometry and laser induced breakdown spectroscopy. Additional to this, 

work also needs to be undertaken to examine the effects of usage and 

handling on the results of these techniques, particularly when claiming that 

the techniques are useful for forensic casework.  

2. New calibration materials are required for the correction of organic oxygen 

isotopic values. This will assist in the reduction of reproducibility issues 

between sequences for oxygen measurements.  

3. Further work, as required based on forensic casework, is needed to 

understand the effects of usage on the isotopic abundance values of papers. 

This could be done proactively, or as new situations arise in casework.  

4. Additional work should be undertaken to further develop and explore the use 

of hydrogen isotopes for the comparison of document papers including an 

extended background population and homogeneity experiments.  

5. The examination protocol and interpretation framework should be considered 

for development into a Bayesian network to provide a numerical estimate of 

the strength of the results rather than the subjective interpretation presented 

here.  
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Table 14.1: Summarized data for linear range experiments for δ13C method validation 

  

Mean 

Sample 

Weight 

(µg) 

Mean 

Instrument 

Response 

(mV) 

Standard 

Deviation 

Instrument 

Response 

(mv) 

RSD 

Instrument 

Response 

(%) 

δ13C Mean  ±  1 

Std Dev (‰) 

mV/μg 

Sample 

Medium Fibre Cellulose 

25.00 407.67 66.88 16.41 -23.76 ± 0.56 16.31 

45.67 779.00 64.12 8.23 -25.11 ± 0.11 17.06 

72.67 1328.67 140.06 10.54 -25.82 ± 0.16 18.28 

105.67 2013.33 199.77 9.92 -26.44 ± 0.14 19.05 

124.67 2369.33 133.13 5.62 -26.58 ± 0.03 19.00 

151.67 3029.33 228.34 7.54 -26.74 ± 0.04 19.97 

174.33 3566.67 75.01 2.10 -26.86 ± 0.17 20.46 

202.00 4250.00 194.66 4.58 -27.49 ± 0.17 21.04 

Cellulose Acetate 

25.00 594.33 143.20 24.09 -31.47 ± 0.10 23.77 

54.00 1266.33 76.00 6.00 -31.88 ± 0.09 23.45 

78.67 1807.00 97.71 5.41 -31.99 ± 0.01 22.97 

102.67 2375.67 75.59 3.18 -32.02 ± 0.01 23.14 

125.67 2930.33 22.85 0.78 -32.01 ± 0.04 23.32 

150.33 3525.00 93.95 2.67 -32.09 ± 0.04 23.45 

179.67 4223.00 61.58 1.46 -32.13 ± 0.01 23.50 

205.67 4786.67 164.81 3.44 -32.07 ± 0.02 23.27 

Alpha Glucose  

31.50 352.00 123.04 34.95 -8.83 ± 0.44 11.17 

49.00 802.67 57.84 7.21 -10.05 ± 0.57 16.38 

69.33 1167.67 132.46 11.34 -10.22 ± 0.04 16.84 

98.33 1719.33 115.77 6.73 -10.62 ± 0.02 17.49 

123.67 2490.00 345.74 13.89 -10.83 ± 0.15 20.13 

153.33 2915.00 32.51 1.12 -10.88 ± 0.01 19.01 

172.67 3407.67 124.64 3.66 -11.00 ± 0.03 19.74 

199.33 3842.33 473.12 12.31 -11.06 ± 0.05 19.28 
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Paper Samples 
δ13C Day 1  

(‰) 

δ13C Day 16  

(‰) 

Difference  

(‰)  

Paper 1 
Mean  -22.15 -23.56 1.41 

St Dev 0.75 0.06 0.69 

Paper 2 
Mean  -27.69 -28.70 1.01 

St Dev 0.31 0.10 0.21 

Paper 3 
Mean  -22.88 -23.35 0.47 

St Dev 0.38 0.05 0.33 

Paper 4 
Mean  -23.64 -24.05 0.41 

St Dev 0.40 0.01 0.39 

Paper 5 
Mean  -26.05 -26.51 0.46 

St Dev 0.20 0.06 0.14 

Cellulose and Glucose Samples 

Mannose 
Mean  -22.47 -22.84 0.37 

St Dev 0.04 0.01 0.03 

Medium Cellulose 
Mean  -26.26 -26.86 0.6 

St Dev 0.50 0.09 0.41 

Alpha Glucose 
Mean  -11.22 -11.20 0.02 

St Dev 0.80 0.03 0.77 

D -Glucose 
Mean  -10.68 -10.83 0.15 

St Dev 0.16 0.07 0.09 

Cellulose Acetate 
Mean  -31.62 -32.06 0.44 

St Dev 0.58 0.04 0.54 

 

Table 14.2: Day 1 vs. Day 16 δ13CVPDB(‰) results for samples exposed to the laboratory 

atmosphere. 
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Sample  

Number 
Brand Country of 

Origin 
Date of Packing  

(if labelled) 
Mean δ13CVPDB   

± 1 Std Dev 

(‰) 

Mean 

δ18OVSMOW 

± 1 Std Dev  

(‰) 

1 Unknown Unknown  -23.95 ± 0.05 28.87 ± 0.10 

2 Office National Unknown  -28.76 ± 0.07 21.02 ± 0.34 

3 
Canon high 

quality paper China  -23.99 ± 0.06 26.41 ± 0.09 

4 Office Elements Thailand  -27.54 ± 0.09 20.51 ± 0.07 

5 Office Elements Thailand  -23.75 ± 0.00 26.54 ± 0.16 

6 Office Elements Thailand  -27.59 ± 0.10 20.37 ± 0.05 

7 Office Elements Thailand  -27.55 ± 0.11 19.98 ± 0.13 

8 Office Elements Thailand  -27.73 ± 0.02 19.66 ± 0.39 

9 Canon high 

quality paper 
China  -23.48 ± 0.08 25.94 ± 0.21 

10 Office Elements Thailand  -27.72 ± 0.11 19.91 ± 0.16 

11 Reflex Australia  -23.74 ± 0.07 24.86 ± 0.16 

12 
Xerox recycled 

supreme Italy  -24.60 ± 0.04 28.25 ± 0.33 

13 Staples Carbon 

Neutral Australia  -23.41 ± 0.08 28.13 ± 0.21 

14 Staples Australia  -23.76 ± 0.08 27.64 ± 0.01 

15 Staples Australia  -23.70 ± 0.06 27.65 ± 0.19 

16 Staples Carbon 

Neutral 
Australia  -23.95 ± 0.13 28.46 ± 0.51 

17 Staples Carbon 

Neutral Australia  -23.46 ± 0.08 28.38 ± 0.03 

18 Xerox France  -24.94 ± 0.04 27.18 ± 0.04 

19 Corporate 

Express Australia  -23.24 ± 0.05 28.75 ± 0.24 

20 4CC Sweden  -25.63 ± 0.09 28.75 ± 0.24 
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Sample  

Number 
Brand Country of 

Origin 
Date of Packing  

(if labelled) 
Mean δ13CVPDB   

± 1 Std Dev 

(‰) 

Mean 

δ18OVSMOW 

± 1 Std Dev  

(‰) 

21 Staples Australia  -23.39 ± 0.16 28.50 ± 0.14 

22 Staples Australia  -23.43 ± 0.12 28.51 ± 0.19 

23 Staples Australia  -23.44 ± 0.11 28.74 ± 0.20 

24 Unknown Unknown  -23.37 ± 0.07 28.80 ± 0.01 

25 Unknown Unknown  -23.55 ± 0.03 28.95 ± 0.09 

26 Unknown Unknown  -23.39 ± 0.02 28.27 ± 0.00 

27 Reflex Australia  -23.40 ± 0.10 28.54 ± 0.14 

28 Unknown Unknown  -23.55 ± 0.02 29.14 ± 0.10 

29 Reflex Australia 04/11/11 -23.56 ± 0.04 28.85 ± 0.07 

30 Unknown Unknown  -23.36 ± 0.10 29.28 ± 0.05 

31 Staples Australia  -23.75 ± 0.17 28.64 ± 0.16 

32 Xerox France  -24.84 ± 0.05 27.44 ± 0.80 

33 Reflex Australia 04/11/11 -23.69 ± 0.14 29.06 ± 0.03 

34 Reflex Australia 6/3/11 -23.65 ± 0.06 29.07 ± 0.03 

35 
Officemax 

Multipurpose China  -23.34 ± 0.07 27.22 ± 0.18 

36 EXP800 Thailand  -26.21 ± 0.14 21.61 ± 0.16 

37 
Excellent Copy 

Paper Indonesia  -26.51 ± 0.06 21.18 ± 0.15 

38 Value Plus Unknown 15/10/11 -23.62 ± 0.11 28.93 ± 0.09 

39 Staples Australia 12/02/12 -23.50 ± 0.04 29.05 ± 0.05 

40 Staples Australia 09/01/12 -23.62 ± 0.11 32.45 ± 0.17 



Appendix 1 – Data Tables 

 290 

Sample  

Number 
Brand Country of 

Origin 
Date of Packing  

(if labelled) 
Mean δ13CVPDB 

± 1 Std Dev 

(‰) 

Mean 

δ18OVSMOW 

± 1 Std Dev  

(‰) 

41 
Mondi Colour 

Copy Paper Austria  -26.09 ± 0.09 23.51 ± 0.02 

42 Ditto Australia 16/06/11 -23.72 ± 0.09 29.07 ± 0.12 

43 "ditto" Australia 13/08/09 -23.20 ± 0.06 28.23 ± 0.18 

44 "ditto" Australia 14/08/09 -23.31 ± 0.02 28.44 ± 0.05 

45 "ditto" Australia 4/03/10 -24.31 ± 0.04 27.79 ± 0.15 

46 "ditto" Australia  -23.52 ± 0.15 29.04 ± 0.19 

47 Ditto Australia  -23.84 ± 0.07 28.89 ± 0.08 

48 Post Office Australia 4/11/10 -23.59 ± 0.03 28.55 ± 0.04 

49 
Australia Post 

Economy 

recyclable 
Australia 16/09/10 -23.40 ± 0.10 28.05 ± 0.47 

50 Coles A4 copy 

paper 
India 1/08/10 -26.13 ± 0.08 23.19 ± 0.23 

51 Coles A4 copy 

paper India 30/04/11 -26.26 ± 0.04 22.86 ± 0.09 

52 Coles India  -25.19 ± 0.04 24.80 ± 0.12 

53 Fuji Xerox China  -23.69 ± 0.13 26.72 ± 0.14 

54 Fuji Xerox China  -26.82 ± 0.04 N/A 

55 
Fuji Xerox 

Performer China  -23.53 ± 0.15 27.24 ± 0.52 

56 HP Brazil  -25.76 ± 0.04 23.15 ± 0.18 

57 Select One Australia 12/05/11 -23.47 ± 0.04 29.24 ± 0.16 

58 Juan Jian China  -23.65 ± 0.06 24.68 ± 0.20 

59 
Fuji Xerox 

Professional China  -23.72 ± 0.11 27.47 ± 0.22 

60 Fuji Xerox 

Laserprint Indonesia  -26.96 ± 0.15 22.65 ± 0.20 
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Sample  

Number 
Brand Country of 

Origin 
Date of Packing  

(if labelled) 
Mean δ13CVPDB   

± 1 Std Dev 

(‰) 

Mean  

δ18OVSMOW 

± 1 Std Dev  

(‰) 

61 
Fuji Xerox 

Business China  -23.75 ± 0.08 27.91 ± 0.00 

62 Canon Business China  -23.59 ± 0.08 28.01 ± 0.04 

63 Canon Premium Austria  -26.88 ± 0.13 26.21 ± 0.06 

64 Black and Gold China  -23.65 ± 0.06 27.18 ± 0.11 

65 Quality Thailand 9/01/11 -25.93 ± 0.06 25.16 ± 0.14 

66 Olympic Australia 1/04/09 -23.19 ± 0.14 27.76 ± 0.17 

67 Olympic Australia 13/01/10 -23.29 ± 0.08 27.63 ± 0.11 

68 Olympic Australia 12/06/10 -22.57 ± 0.19 27.37 ± 0.00 

69 Olympic Australia 18/08/10 -23.37 ± 0.04 29.10 ± 0.18 

70 Olympic Australia 16/09/11 -23.44 ± 0.19 28.84 ± 0.07 

71 Reflex Australia 10/09/09 -23.27 ± 0.02 28.16 ± 0.18 

72 Reflex Australia 17/03/11 -23.67 ± 0.07 29.18 ± 0.12 

73 Reflex Australia 28/11/11 -23.60 ± 0.02 29.14 ± 0.19 

74 Reflex Australia 12/10/09 -23.49 ± 0.06 27.87 ± 0.07 

75 Reflex Australia 10/08/09 -23.40 ± 0.08 27.99 ± 0.19 

76 Reflex Australia 5/08/09 -23.40 ± 0.33 28.13 ± 0.15 

77 Reflex Australia 18/03/10 -23.81 ± 0.06 27.96 ± 0.09 

78 Reflex Australia 3/02/10 -23.97 ± 0.15 29.53 ± 0.13 

79 Reflex Australia 14/02/10 -23.49 ± 0.08 28.19 ± 0.21 
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Sample  

Number 
Brand Country of 

Origin 
Date of Packing  

(if labelled) 
Mean δ13CVPDB   

± 1 Std Dev 

(‰) 

Mean 

δ18OVSMOW 

± 1 Std Dev  

(‰) 

80 Reflex Australia 11/07/10 -23.87 ± 0.17 28.28 ± 0.15 

81 Reflex Australia 6/11/09 -23.69 ± 0.19 28.04 ± 0.20 

82 Paper One Indonesia  -29.57 ± 0.04 19.46 ± 0.24 

83 Paper One Indonesia  -23.45 ± 0.08 20.57 ± 0.09 

84 Paper One Indonesia  -29.70 ± 0.09 19.39 ± 0.00 

85 Paper One Indonesia  -29.35 ± 0.10 20.66 ± 0.03 

86 Officeworks Australia 26/09/09 -23.44 ± 0.04 27.51 ± 0.00 

87 Officeworks Australia  -25.01 ± 0.06 24.34 ± 0.19 

88 Lazer IT Indonesia  -27.50 ± 0.07 20.18 ± 0.00 

89 Lazer IT Indonesia  -26.54 ± 0.04 21.19 ± 0.13 

90 Lazer IT Indonesia  -26.26 ± 0.11 21.09 ± 0.26 

91 Lazer IT Indonesia  -26.90 ± 0.17 21.95 ± 0.08 

92 Double A Thailand 7/07/09 -27.18 ± 0.07 23.41 ± 0.12 

93 Double A Thailand 28/08/09 -27.85 ± 0.11 22.58 ± 0.04 

94 Double A Thailand 18/01/10 -28.08 ± 0.02 20.48 ± 0.17 

95 Double A Thailand 15/06/09 -28.67 ± 0.05 20.84 ± 0.19 

96 Double A Thailand 10/09/09 -27.53 ± 0.14 20.46 ± 0.08 

97 Double A Thailand 28/08/09 -27.89 ± 0.10 20.71 ± 0.02 

98 Double A Thailand  -28.19 ± 0.00 20.96 ± 0.13 
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Sample  

Number 

Brand Country of 

Origin 

Date of Packing  

(if labelled) 
Mean δ13CVPDB   

± 1 Std Dev 

(‰) 

Mean δ18OVSMOW

± 1 Std Dev  

(‰) 

99 Double A Thailand 23/12/10 -27.59 ± 0.08 23.04 ± 0.04 

100 Double A Thailand 12/10/11 -27.75 ± 0.05 23.83 ± 0.16 

101 
Coles Smart 

Buy China  -25.34 ± 0.09 19.44 ± 0.25 

102 Coles Smart 

Buy 
China  -22.81 ± 0.17 25.45 ± 0.02 

103 Yes Bronze China  -24.62 ± 0.12 24.38 ± 0.09 

104 Kodak Indonesia  -28.48 ± 0.12 20.82 ± 0.15 

105 
Victory 

Docucopy China  -23.96 ± 0.16 20.87 ± 0.18 

106 Victory 

Docucopy China  -24.07 ± 0.01 21.27 ± 0.33 

107 
Victory 

Docucopy China  -23.62 ± 0.34 23.75 ± 0.33 

108 Victory 

Docucopy China  -23.37 ± 0.13 22.12 ± 0.12 

109 Officemax South Africa  -25.17 ± 0.09 26.28 ± 0.29 

110 Officemax South Africa  -23.61 ± 0.04 27.79 ± 0.10 

111 Bilt Matrix India 29/09/09 -25.65 ± 0.06 24.86 ± 0.17 

112 Bilt Matrix India 25/04/11 -26.27 ± 0.13 22.97 ± 0.15 

113 Canon China  -23.98 ± 0.05 26.96 ± 0.16 

114 Canon China  -23.47 ± 0.03 27.12 ± 0.07 

115 
Woolworths 

essential copy 

paper 
Indonesia  -27.71 ± 0.02 21.76 ± 0.13 

116 Reflex Platnium Australia 23/03/10 -23.58 ± 0.02 30.22 ± 0.22 

117 Spilman Australia 8/11/09 -23.50 ± 0.04 29.59 ± 0.08 
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Sample  

Number 

Brand Country of 

Origin 

Date of Packing  

(if labelled) 
Mean δ13CVPDB   

± 1 Std Dev  

(‰) 

Mean δ18OVSMOW

± 1 Std Dev  

(‰) 

118 Spilman Australia 31/07/10 -23.32 ± 0.02 29.39 ± 0.10 

119 Spilman Australia 26/10/10 -23.34 ± 0.09 28.86 ± 0.23 

120 Yes Silver China  -23.39 ± 0.10 27.35 ± 0.01 

121 HP Brazil  -25.78 ± 0.01 23.06 ± 0.00 

122 HP Brazil  -26.02 ± 0.07 23.45 ± 0.02 

123 HP Brazil  -26.02 ± 0.14 N/A 

124 
Paper One 

Premium Indonesia  -28.67 ± 0.02 21.70 ± 0.13 

125 Victory High 

White Indonesia  -29.03 ± 0.04 21.01 ± 0.06 

 
Table 14.3: Paper samples collected as background population samples, and their measured δ13C 

and δ18OVSMOW (‰) abundance values 
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Sample  

Number 

Printer 

Manufacturer 
Make Model Paper Brand 

Paper Country 

of Production  

1 Brother MFC 7340 Unknown N/A 

2 Kyocer KM 2050 Office National N/A 

3 HP Laserjet P1606dn Canon High Quality paper China 

4 Fuji Xerox DocuCentre C2200 Office Elements Thailand 

5 Canon LBP 3100 B Office Elements Thailand 

6 Brother HL 2142 Office Elements Thailand 

7 Toshiba estudio 255 Office Elements Thailand 

8 HP Laserjet P1505n Office Elements Thailand 

9 Fuji Xerox DocuPrint 240A Australian Australia 

10 Fuji Xerox DocuCentre 336 Australian Australia 

11 Fuji Xerox Apeos Port IV C5570 Xerox Recycled supreme Japan 

12 Fuji Xerox Apeos Port II C4300 Staples Carbon Neutral Australia 

13 Lexmark T644   Staples Australia 

14 Ricoh Aficio  2060 Staples Carbon Neutral Australia 

15 Ricoh Aficio  2060 Staples Carbon Neutral Australia 

16 HP   2605 4CC Sweden 

17 Ricoh Aficio  
MP 

C2000 
Staples Australia 

18 HP Laserjet P4515x Unknown Unknown 

19 Ricoh Aficio  MP 3350 Reflex Australia 

20 Ricoh Aficio  2075 Staples Australia 

21 Fuji Xerox DocuColor 252 Xerox France 

22 
Konica 

Minolta 
Bizhub C280 Reflex Australia 

23 Lexmark   E450dn EXP800 Thailand 

24 Fuji Xerox Apeos Port 5070 Staples Australia 

25 Fuji Xerox Docucentre 336 Staples Australia 

26 Fuji Xerox DocuPrint 240A Staples Australia 

27 Lexmark HFDI C935 
Mondi Colour Copy 

Paper 
Austria 

28 
Konica 

Minolta 
Bizhub C280 Officemax Multipurpose China 

29 
Konica 

Minolta 
Bizhub C280 EXP800 Thailand 

30 Lexmark   E450dn EXPGreen 50% Recycled Australia 

31 
Konica 

Minolta 
Bizhub C280 EXPGreen 50% Recycled Australia 

32 HP Laserjet P1606dn 
Canon High Quality 

Paper 
China 

33 HP Laserjet P1606dn Office Elements Thailand 

34 Ricoh Aficio  SC420DN Xerox France 
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Table 14.4: Printer manufacturer and paper information for toner printers tested for their effect 

on the δ13C abundance values of paper. 

 

 

  

Sample  

Number 
Printer 

Manufacturer 
Make Model Paper Brand Paper Country 

of Production  
35 Ricoh Aficio  2060 Corporate Express Australia 
36 HP   2605 Staples Australia 
37 Ricoh Aficio  SP C420DN Staples Australia 
38 Lexmark    E450dn Excellent Copy Paper Indonesia 
39 Konica Minolta Bizhub C280 Excellent Copy Paper Indonesia 
40 Lexmark E450dn   Value Plus unknown 
41 Konica Minolta Bizhub   Value Plus unknown 
42 Ricoh Aficio  2060 Unknown Unknown 
43 Ricoh Aficio  SP C430DN Unknown Unknown 
44 Ricoh Aficio  2060 Reflex Australia 
45 Lexmark    E450dn Reflex Australia 

46 Lexmark    E450dn Officemax Multipurpose China 
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Sample 

Number 

Blank Paper Mean 

δ13CVPDB ± 1 Std Dev 

(‰)  

Printed Paper Non-

image Area Mean 

δ13CVPDB ± 1 Std Dev 

(‰) 

Printed Paper Sampled 

on Image Area Mean 

δ13CVPDB ± 1 Std Dev 

(‰) 

1 -23.95 ± 0.05 -24.01 ± 0.05 -24.38 ± 0.01 

2 -28.76 ± 0.07 -28.75 ± 0.03 -28.80 ± 0.00 

3 -23.99 ± 0.06 -23.94 ± 0.04 -25.16 ± 0.05 

4 -27.54 ± 0.09 -27.54 ± 0.08 -27.82 ± 0.06 

5 -23.75 ± 0.00 -23.89 ± 0.05 -25.03 ± 0.14 

6 -27.59 ± 0.10 -27.55 ± 0.06 -27.59 ± 0.05 

7 -27.55 ± 0.11 -27.69 ± 0.07 -27.86 ± 0.06 

8 -27.73 ± 0.02 -27.80 ± 0.08 -27.89 ± 0.07 

9 -23.82 ± 0.19 -23.79 ± 0.00 -24.16 ± 0.07 

10 -23.40 ± 0.05 -23.41 ± 0.12 -24.29 ± 0.06 

11 -24.60 ± 0.04 -24.53 ± 0.09 -25.24 ± 0.02 

12 -23.41 ± 0.08 -23.46 ± 0.09 -23.91 ± 0.05 

13 -23.76 ± 0.08 -23.70 ± 0.09 -24.54 ± 0.00 

14 -23.95 ± 0.13 -23.96 ± 0.03 -24.26 ± 0.12 

15 -23.46 ± 0.08 -23.40 ± 0.14 -23.84 ± 0.08 

16 -25.63 ± 0.09 -25.65 ± 0.09 -25.98 ± 0.02 

17 -23.44 ± 0.11 -23.45 ± 0.11 -23.86 ± 0.05 

18 -23.55 ± 0.03 -23.63 ± 0.03 -24.28 ± 0.08 

19 -23.56 ± 0.04 -23.56 ± 0.06 -23.97 ± 0.11 

20 -23.75 ± 0.17 -23.74 ± 0.03 -24.31 ± 0.00 

21 -25.17 ± 0.57 -24.89 ± 0.10 -25.20 ± 0.03 

22 -23.65 ± 0.06 -23.55 ± 0.04 -23.90 ± 0.08 

23 -26.21 ± 0.14 -26.27 ± 0.00 -26.41 ± 0.06 

24 -23.50 ± 0.04 -23.58 ± 0.06 -24.03 ± 0.13 

25 -23.62 ± 0.11 -23.69 ± 0.15 -24.30 ± 0.05 

26 -23.65 ± 0.01 -23.66 ± 0.01 -24.11 ± 0.03 

27 -26.09 ± 0.09 -26.03 ± 0.09 -26.27 ± 0.09 

28 -23.34 ± 0.07 -23.65 ± 0.12 -23.89 ± 0.00 

29 -26.21 ± 0.14 -26.16 ± 0.10 -26.38 ± 0.07 

30 -23.76 ± 0.21 -23.85 ± 0.11 -24.35 ± 0.00 

31 -23.76 ± 0.21 -23.84 ± 0.19 -24.24 ± 0.08 

32 -23.48 ± 0.08 -23.68 ± 0.06 -24.46 ± 0.05 

33 -27.72 ± 0.11 -27.87 ± 0.06 -28.04 ± 0.04 

34 -24.94 ± 0.04 -24.98 ± 0.08 -25.22 ± 0.07 

35 -23.24 ± 0.05 -23.30 ± 0.03 -23.90 ± 0.06 

36 -23.39 ± 0.16 -23.51 ± 0.06 -24.31 ± 0.09 

37 -23.43 ± 0.12 -23.86 ± 0.76 -23.88 ± 0.05 

38 -26.51 ± 0.10 -26.58 ± 0.14 -26.81 ± 0.12 
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Sample 

Number 

Blank Paper Mean 

δ13CVPDB ± 1 Std Dev 

(‰)  

Printed Paper Non-

image Area Mean 

δ13CVPDB ± 1 Std Dev 

(‰) 

Printed Paper Sampled 

on Image Area Mean 

δ13CVPDB ± 1 Std Dev 

(‰) 

39 -26.51 ± 0.06 -26.54 ± 0.00 -26.64 ± 0.06 

40 -23.62 ± 0.11 -23.60 ± 0.11 -24.23 ± 0.16 

41 -23.62 ± 0.11 -23.47 ± 0.05 -23.98 ± 0.20 

42 -23.39 ± 0.02 -23.57 ± 0.07 -23.86 ± 0.13 

43 -23.36 ± 0.10 -23.43 ± 0.02 -23.83 ± 0.02 

44 -23.69 ± 0.14 -23.58 ± 0.02 -24.00 ± 0.04 

45 -23.54 ± 0.02 -23.55 ± 0.00 -24.09 ± 0.06 

46 -23.41 ± 0.08 -23.48 ± 0.08 -24.05 ± 0.09 

39 -26.51 ± 0.06 -26.54 ± 0.00 -26.64 ± 0.06 

40 -23.62 ± 0.11 -23.60 ± 0.11 -24.23 ± 0.16 

41 -23.62 ± 0.11 -23.47 ± 0.05 -23.98 ± 0.20 

42 -23.39 ± 0.02 -23.57 ± 0.07 -23.86 ± 0.13 

43 -23.36 ± 0.10 -23.43 ± 0.02 -23.83 ± 0.02 

44 -23.69 ± 0.14 -23.58 ± 0.02 -24.00 ± 0.04 

45 -23.54 ± 0.02 -23.55 ± 0.00 -24.09 ± 0.06 

46 -23.41 ± 0.08 -23.48 ± 0.08 -24.05 ± 0.09 

 

Table 14.5: Mean δ13CVPDB and 1 x standard deviation results for 46 toner printed documents 
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Table 14.6: Printer manufacturer and paper information for inkjet printers tested for their effect 

on the δ13C abundance values of paper. 

 
 

  

Sample 

Number 

Blank Paper Mean 

δ13CVPDB ± 1 Std Dev 

(‰)  

Printed Paper Non-image 

Area Mean δ13CVPDB ± 1 

Std Dev (‰) 

Printed Paper on Sampled 

on Image Area Mean 

δ13CVPDB ± 1 Std Dev (‰) 

1 -23.70 ± 0.06 -23.64 ± 0.08 -23.81 ± 0.03 

2 -23.74 ± 0.07 -27.73 ± 0.03 -27.75 ± 0.04 

3 -23.40 ± 0.10 -23.63 ± 0.24 -23.61 ± 0.00 

4 -23.40 ± 0.07 -23.63 ± 0.03 -23.86 ± 0.09 

5 -23.55 ± 0.02 -23.48 ± 0.03 -23.72 ± 0.04 

6 -23.34 ± 0.07 -23.33 ± 0.12 -23.53 ± 0.12 

7 -23.37 ± 0.07 -23.33 ± 0.02 -23.49 ± 0.04 

8 -25.08 ± 0.10 -25.05 ± 0.03 -25.20 ± 0.05 

9 -23.72 ± 0.09 -23.69 ± 0.20 -23.97 ± 0.14 

10 -26.21 ± 0.14 -26.18 ± 0.17 -26.14 ± 0.06 

11 -23.76 ± 0.21 -23.84 ± 0.19 -24.24 ± 0.08 

12 -26.51 ± 0.06 -26.52 ± 0.12 -26.50 ± 0.04 

13 -23.62 ± 0.11 -23.44 ± 0.04 -23.55 ± 0.04 

 

Table 14.7: Mean δ13CVPDB and 1 x standard deviation results for 14 inkjet printed documents 

Sample 

Number 
Manufacturer Make Model Paper Brand Paper Origin 

   1 HP Business Inkjet 2800 Staples Australia 

2 HP Deskjet 5652 Reflex Australia 

3 Canon MX 870 Australian Australia 

4 Canon Pixma iP4600 Unknown Unknown 

5 Epson Stylus Photo R2400 Officemax Multipurpose China 

6 Epson Stylus Photo R390 Unknown N/A 

7 Epson Stylus Pro 4800 
Canon High Quality 

106gsm 
Japan 

8 Brother MFC 215C Ditto Australia 

9 Epson Stylus Photo R2400 EXP800 Thailand 

10 Epson Stylus Photo R2400 EXPGreen 50% Recycled Australia 

11 Epson Stylus Photo R2400 Excellent Copy Paper Indonesia 

12 Epson Stylus Photo R2400 Value Plus N/A 

13 Epson Stylus Photo R2400 Reflex Australia 
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Sample Weight 

(µg) 

Instrument 

Response (mV) 

Raw δ18O 

(‰) 

mV/μg 

Sample 

Paper 

98 3099 57.062 31.62 

143 4690 47.511 32.80 

245 8137 25.651 33.21 

357 12214 28.023 34.21 

496 16909 29.322 34.09 

International Cellulose 

94 3294 28.279 35.04 

152 5312 33.097 34.95 

248 9071 35.118 36.58 

339 12483 36.271 36.82 

503 18129 37.757 36.04 

IAEA-601  

96 831 28.983 8.66 

156 1197 26.19 7.67 

251 1957 27.059 7.80 

341 2479 26.486 7.27 

493 3730 26.909 7.57 

IAEA-602 

99 779 77.49 7.87 

147 1207 79.994 8.21 

241 1816 71.389 7.54 

350 2950 76.298 8.43 

506 3710 76.334 7.33 

 

Table 14.8: Summarized data for linear range experiments for δ18O method validation  
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Sample  

Number 

Printer 

Manufacturer 
Make Model Paper Brand 

Paper Country 

of Production  

1 Brother MFC 7340 Unknown N/A 

2 Kyocer KM 2050 Office National N/A 

4 Fuji Xerox 
DocuCentr

e 
C2200 Office Elements Thailand 

5 Canon LBP 3100 B Office Elements Thailand 

6 Brother HL 2142 Office Elements Thailand 

7 Toshiba estudio 255 Office Elements Thailand 

8 HP Laserjet P1505n Office Elements Thailand 

9 Fuji Xerox DocuPrint 240A Australian Australia 

10 Fuji Xerox 
DocuCentr

e 
336 Australian Australia 

11 Fuji Xerox 
Apeos Port 

IV 
C5570 

Xerox Recycled 

supreme 
Japan 

12 Fuji Xerox 
Apeos Port 

II 
C4300 

Staples Carbon 

Neutral 
Australia 

13 Lexmark T644   Staples Australia 

17 Ricoh Aficio  
MP 

C2000 
Staples Australia 

18 HP Laserjet P4515x Unknown Unknown 

19 Ricoh Aficio  
MP 

3350 
Reflex Australia 

20 Ricoh Aficio  2075 Staples Australia 

21 Fuji Xerox DocuColor 252 Xerox France 

23 Lexmark E450dn   EXP800 Thailand 

24 Fuji Xerox Apeos Port 5070 Staples Australia 

27 Lexmark HFDI C935 
Mondi Colour Copy 

Paper 
Austria 

29 
Konica 

Minolta 
Bizhub C280 EXP800 Thailand 

34 Ricoh Aficio  
SP 

C420DN 
Xerox France 

44 Ricoh Aficio  2060 Reflex Australia 

 

Table 14.9: Printer manufacturer and paper information for toner printers tested for δ18OVSMOW 
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Sample 

Number 

Blank Paper Mean 

δ18OVSMOW ± 1 Std Dev 

(‰)  

Printed Paper Non-

image Area Mean 

δ18OVSMOW ± 1 Std Dev 

(‰) 

Printed Paper Sampled 

on Image Area Mean 

δ18OVSMOW ± 1 Std Dev 

(‰) 

1 28.62 ± 0.43 28.48 ± 0.03 28.09 ± 0.16 

2 21.02 ± 0.34 20.39 ± 0.11 19.46 ± 0.24 

4 20.33 ± 0.32 20.11 ± 0.05 19.87 ± 0.12 

5 26.38 ± 0.30 25.87 ± 0.19 24.47 ± 0.32 

6 20.37 ± 0.05 20.24 ± 0.09 20.02 ± 0.19 

7 19.98 ± 0.13 20.17 ± 0.35 20.66 ± 0.84 

8 19.92 ± 0.53 19.96 ± 0.22 18.91 ± 0.15 

9 27.13 ± 0.00 27.23 ± 0.14 26.89 ± 0.05 

10 27.35 ± 0.17 27.71 ± 0.07 27.59 ± 0.35 

11 28.49 ± 0.47 29.09 ± 0.17 28.32 ± 0.14 

12 28.13 ± 0.21 28.54 ± 0.36 28.39 ± 0.18 

13 27.64 ± 0.01 27.62 ± 0.08 27.16 ± 0.15 

17 27.18 ± 0.04 26.63 ± 0.14 26.32 ± 0.04 

18 28.51 ± 0.19 28.20 ± 0.15 27.89 ± 0.09 

19 28.66 ± 0.51 28.40 ± 0.09 26.55 ± 0.03 

20 28.96 ± 0.21 28.20 ± 0.13 27.78 ± 0.06 

21 28.64 ± 0.16 28.28 ± 0.15 27.77 ± 0.02 

23 27.41 ± 0.57 26.80 ± 0.15 26.65 ± 0.18 

24 28.93 ± 0.23 28.34 ± 0.09 27.97 ± 0.08 

27 21.61 ± 0.16 21.73 ± 0.15 21.34 ± 0.03 

29 21.61 ± 0.16 21.21 ± 1.09 21.79 ± 0.07 

34 29.05 ± 0.05 28.27 ± 0.10 28.18 ± 0.10 

44 23.63 ± 0.20 23.47 ± 0.14 23.25 ± 0.12 

Table 14.10: Mean δ18OVSMOW and 1 x standard deviation results for 22 toner printed documents 

 
Sample 

Number 
Manufacturer Make Model Paper Brand Paper Origin 

1 HP 
Business 

Inkjet 
2800 Staples Australia 

2 HP Deskjet 5652 Reflex Australia 

3 Canon MX 870 Australian Australia 

4 Canon Pixma iP4600 Unknown Unknown 

6 Epson Stylus Photo R390 Unknown N/A 

7 Epson Stylus Pro 4800 
Canon High Quality 

106gsm 
Japan 

8 Brother MFC 215C Ditto Australia 

13 Epson Stylus Photo R2400 Reflex Australia 

Table 14.11: Printer manufacturer and paper information for inkjet printers tested for δ18OVSMOW 
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Sample 

Number 

Blank Paper Mean 

δ18OVSMOW ± 1 St Dev 

(‰)  

Printed Paper Non-

image Area Mean 

δ18OVSMOW ± 1 St Dev 

(‰) 

Printed Paper on 

Sampled on Image Area 

Mean δ18OVSMOW ± 1 St 

Dev (‰) 

1 27.49 ± 0.30 27.81 ± 0.29 27.59 ± 0.21 

2 28.54 ± 0.14 28.68 ± 0.09 28.52 ± 0.13 

3 29.14 ± 0.17 29.19 ± 0.18 28.96 ± 0.25 

4 28.99 ± 0.27 28.75 ± 0.17 28.70 ± 0.06 

6 28.80 ± 0.01 28.78 ± 0.08 28.93 ± 0.11 

7 22.02 ± 0.20 22.54 ± 0.44 22.89 ± 0.19 

8 29.07 ± 0.12 28.68 ± 0.10 29.17 ± 0.27 

13 29.23 ± 0.28 28.77 ± 0.17 28.63 ± 0.06 

 

Table 14.12: Mean δ18OVSMOW and 1 x standard deviation results for 8 inkjet printed documents
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Sample 

Number 
Brand Country of Origin 

Mean δ2HVSMOW 

± 1 Std Dev (‰) 

1 Unknown Unknown -20.91 ± 0.49 

13 Staples Carbon Neutral Australia -18.73 ± 0.35 

14 Staples Australia -22.13 ± 0.64 

15 Staples Australia -19.13 ± 2.26 

17 Staples Carbon Neutral Australia -20.68 ± 1.45 

19 Corporate Express Australia -16.65 ± 2.07 

20 4CC Sweden -21.46 ± 0.92 

22 Staples Australia -19.80 ± 1.20 

23 Staples Australia -16.89 ± 0.23 

24 Unknown Unknown -20.46 ± 0.42 

25 Unknown Unknown -20.84 ± 0.04 

26 Unknown Unknown -23.06 ± 2.17 

28 Unknown Unknown -20.06 ± 2.08 

29 Reflex Australia -25.73 ± 2.06 

30 Unknown Unknown -25.82 ± 0.99 

31 Staples Australia -24.10 ± 0.38 

109 Officemax South Africa -22.37 ± 1.09 

66 Olympic Australia -11.55 ± 0.68 

111 Bilt Matrix India -31.29 ± 0.80 

117 Spilman Australia -23.23 ± 0.30 

74 Reflex Australia -23.92 ± 0.35 

75 Reflex Australia -16.29 ± 0.92 

94 Double A Thailand -41.12 ± 2.29 

95 Double A Thailand -43.31 ± 2.74 

118 Spilman Australia -24.60 ± 2.23 

 

Table 14.13: Paper samples selected and measured for their δ2HVSMOW (‰) values 
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Brand and Ream Designator 
Mean Grammage 

(gsm) 

Mean Apparent Sheet 

Density (kg/m3) 

Lazer IT A 80.53 776.39 

Lazer IT B 80.13 777.61 

Lazer IT C 80.29 780.30 

Lazer IT D 80.49 777.71 

Lazer IT E 80.32 780.56 

Lazer IT F 79.98 776.48 

Lazer IT G 80.18 772.86 

Mean and Standard Deviation 80.28 ± 0.2 777.42 ± 2.6 

Officemax A 81.16 796.00 

Officemax B 81.45 793.92 

Officemax C 81.37 801.32 

Officemax D 82.55 797.26 

Officemax E 81.95 796.85 

Officemax F 81.40 789.54 

Officemax G 80.40 796.57 

Mean and Standard Deviation 81.47 ± 0.66 795.92 ± 3.58 

Olympic A 80.49 796.60 

Olympic B 80.64 804.35 

Olympic C 80.41 814.74 

Olympic D 80.13 796.44 

Olympic E 81.17 808.87 

Olympic F 81.14 808.60 

Olympic G 81.18 808.53 

Mean and Standard Deviation 80.74 ± 0.42 805.45 ± 6.8 

Docucopy A 79.92 732.93 

Docucopy B 82.73 776.51 

Docucopy C 80.95 735.58 

Docucopy D 82.77 755.50 

Docucopy E 81.47 769.71 

Docucopy F 83.80 756.61 

Docucopy G 81.16 770.77 

Mean and Standard Deviation 81.83 ± 1.32 756.80 ± 17.18 

Fuji Xerox A 81.84 809.54 

Fuji Xerox B 81.65 796.58 

Fuji Xerox C 80.43 794.36 

Fuji Xerox D 80.78 801.36 

Fuji Xerox E 80.95 800.26 

Fuji Xerox F 81.63 801.85 

Fuji Xerox G 81.64 800.75 

Mean and Standard Deviation 81.27 ± 0.54 800.67 ± 4.78 
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Brand and Ream Designator 
Mean Grammage 

(gsm) 

Mean Apparent Sheet 

Density (kg/m3) 

Double A A 81.38 791.27 

Double A B 80.17 780.99 

Double A C 80.42 778.83 

Double A D 79.97 774.12 

Double A E 80.60 780.98 

Double A F 80.46 767.76 

Double A G 81.22 764.75 

Mean and Standard Deviation 80.60 ± 0.52 776.96 ± 8.96 

Reflex A 84.10 833.15 

Reflex B 81.67 825.82 

Reflex C 82.39 824.33 

Reflex D 82.74 830.72 

Reflex E 81.52 812.81 

Reflex F 82.08 824.09 

Reflex G 81.92 817.60 

Mean and Standard Deviation 82.35 ± 0.88 824.07 ± 7.05 

Mean of 7 replicates from 6 reams of the same brand 

Reflex 2A 83.35 ± 0.78 839.06 ± 21.25 

Reflex 2B 82.52 ± 0.71 830.77 ± 6.42 

Reflex 2C 82.33 ± 0.38 819.84 ± 7.47 

Reflex 2D 82.45 ± 0.66 823.81 ± 7.49 

Reflex 2E 81.94 ± 0.72 814.32 ± 5.83 

Reflex 2F 82.00 ± 0.72 817.11 ± 6.71 

Mean and Standard Deviation 82.43 ± 0.51 824.15 ± 9.28 

 

Table 14.14: Mean grammage and apparent sheet density measured for papers 
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Sample 

Number 

Grammage 

(gsm) 

Difference to 

Sample 71 

Apparent 

Sheet Density 

(kg/m3) 

Difference to 

Sample 71 

71 83.40   819.89   

43 79.24 4.17 792.41 27.48 

46 80.11 3.29 837.54 17.65 

47 82.06 1.34 831.68 11.79 

48 79.71 3.69 806.28 13.61 

49 78.80 4.60 793.84 26.05 

50 83.45 0.05 808.33 11.56 

53 81.32 2.08 793.14 26.75 

54 80.93 2.47 755.26 64.63 

56 80.32 3.08 812.73 7.16 

66 80.00 3.40 784.40 35.49 

67 82.49 0.92 819.69 0.20 

68 81.20 2.20 821.39 1.50 

69 80.29 3.12 827.71 7.82 

72 83.99 0.59 836.79 16.90 

73 83.59 0.18 843.37 23.48 

74 83.71 0.31 832.39 12.50 

75 85.09 1.69 840.30 20.41 

76 84.28 0.88 845.61 25.72 

77 85.80 2.40 884.00 64.11 

79 83.53 0.13 861.74 41.85 

80 83.13 0.28 845.65 25.76 

81 84.38 0.98 850.38 30.49 

82 81.90 1.50 804.79 15.11 

83 78.99 4.41 821.18 1.29 

84 81.90 1.50 808.62 11.27 

85 82.21 1.20 806.65 13.24 

86 79.98 3.43 840.86 20.97 

87 81.18 2.22 833.77 13.87 

88 78.45 4.95 755.09 64.80 

89 78.50 4.90 761.60 58.29 

90 79.15 4.25 799.29 20.60 

91 80.06 3.35 782.10 37.79 

92 80.93 2.47 791.16 28.73 

93 80.44 2.97 796.71 23.18 

94 80.43 2.98 797.86 22.03 

95 80.82 2.58 677.77 142.12 

96 79.95 3.45 782.06 37.84 

97 80.91 2.49 784.54 35.35 
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Sample 

Number 

Grammage 

(gsm) 

Difference to 

Sample 71 

Apparent 

Sheet Density 

(kg/m3) 

Difference to 

Sample 71 

71 83.40   819.89   

98 80.99 2.41 764.53 55.36 

99 82.05 1.36 787.92 31.98 

101 82.74 0.67 773.72 46.17 

102 77.88 5.53 776.80 43.09 

103 81.30 2.10 797.55 22.34 

104 79.93 3.48 788.27 31.63 

105 80.38 3.02 751.43 68.46 

106 80.23 3.17 735.43 84.46 

107 78.50 4.91 723.92 95.97 

108 80.56 2.85 757.20 62.69 

109 80.73 2.67 773.63 46.26 

112 84.18 0.77 821.07 1.18 

113 81.11 2.30 807.58 12.31 

114 81.58 1.82 798.65 21.24 

115 79.72 3.68 779.36 40.53 

117 82.49 0.92 834.64 14.74 

118 81.72 1.68 839.67 19.78 

120 80.16 3.25 781.02 38.87 

121 79.82 3.59 822.86 2.97 

122 84.85 1.44 828.80 8.90 

124 78.95 4.45 788.27 31.62 

125 78.93 4.48 782.92 36.97 

 

Table 14.15: Grammage and Apparent Sheet Density results for background papers, with green 

cells denoting difference values larger than the defined benchmark values. 
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Plate 

Number 

Sample 

Number 

Measurement (mm) Calculated Rf of Peaks 

Differentiate 

from Sample 

71? 

Peak 1 Peak 2 Peak 3 

Mobile 

Phase 

End 

Point 

RF 

Comp 1 

RF 

Comp 2 

RF 

Comp 3 

2 71 47.6 52.7 54.6 67.5 0.71 0.78 0.81 
 

 
43 53.1 54.7 

  
0.79 0.81 

  

 
67 52.8 54.6 

  
0.78 0.81 

  

 
68 53.0 54.8 

  
0.79 0.81 

 
x 

 
74 53.5 55.0 

  
0.79 0.81 

  

3 71 52.2 N/A 56.2 64.7 0.82 
 

0.87 
 

 
75 52.6 55.4 56.4 

 
0.81 0.86 0.87 

 

 
76 52.8 55.9 56.4 

 
0.82 0.86 0.87 

 

 
77 52.6 55.5 56.2 

 
0.81 0.86 0.87 

 

 
78 52.2 55.4 56.3 

 
0.81 0.86 0.87 

 

5 71 52.9 55.2 57.7 67.5 0.78 0.82 0.85 
 

 
84 56.5 58.3 

  
0.84 0.86 

 
x 

 
86 51.1 56.6 58 

 
0.76 0.84 0.86 

 

  87 51.0 56.1 58.1 
 

0.76 0.83 0.86 
 

 
88 54.8 56.5 

  
0.81 0.84 

 
x 

6 71 50.1 54.7 56.8 66.5 0.75 0.82 0.85 
 

 
88 55.2 57 

  
0.83 0.86 

 
x 

 
89 55.2 57 

  
0.83 0.86 

 
x 

 
92 54.2 55.9 

  
0.82 0.84 

 
x 

 
93 56.5 58.6 

  
0.85 0.88 

  

7 71 51.5 56.1 57.9 68.2 0.76 0.82 0.85 
 

 
94 51.5 56.0 58 

 
0.76 0.82 0.85 

 
  95 51.5 55.9 57.9 

 
0.76 0.82 0.85 

 

 
96 56.2 58.2 

  
0.82 0.85 

  

 
97 56.2 58.2 

  
0.82 0.85 

  

9 71 50.5 54.7 56.6 65.1 0.78 0.84 0.87 
 

 
103 52.9 54.9 

  
0.81 0.84 

 
x 

 
104 52.9 54.9 

  
0.81 0.84 

 
x 

10 71 49.7 53.6 55.3 62.2 0.80 0.86 0.89 
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105 48.9 

   
0.79 

  
x 

  106 48.9 
   

0.79 
  

x 

 
107 48.9 52.9 55.3 

 
0.79 0.85 0.89 

 

 
109 48.8 53.8 55.3 

 
0.78 0.86 0.89 

 

11 71 50.3 53.2 54.9 63.5 0.79 0.84 0.86 
 

 
102 47.1 48.2 

  
0.74 0.76 

 
x 

 
112 48.5 52.1 54.1 

 
0.76 0.82 0.85 

 

12 71 59.1 60.3 61.5 67.1 0.88 0.90 0.92 
 

 
113 59.2 60.6 

  
0.88 0.90 

 
x 

  114 54.9 58.2 59.5 
 

0.82 0.87 0.89 x 

 
P3 54.9 58.2 59.5 

 
0.82 0.87 0.89 x 

13 71 59.2 60.3 61.5 66.9 0.88 0.90 0.92 
 

 
115 59.7 61.1 

  
0.89 0.91 

  

 
116 55.3 59 60.4 

 
0.83 0.88 0.90 x 

14 71 46 52.2 54.8 65.8 0.70 0.79 0.83 
 

 
117 44.9 50.6 53.7 

 
0.68 0.77 0.82 

 

  118 44.9 50.6 53.7 
 

0.68 0.77 0.82 
 

 
120 48.8 52.1 

  
0.74 0.79 

  

 
121 N/A 

      
x 

15 71 46.4 52.4 55.5 66.9 0.69 0.78 0.83 
 

  122 N/A 
      

x 

 
124 51.1 53.9 

  
0.76 0.81 

  

 
125 51.1 53.9 

  
0.76 0.81 

  

 
48 51.1 53.9 

  
0.76 0.81 

  

16 71 55.8 57.8 
 

65.3 0.85 0.89 
  

 
49 54.6 57.3 

  
0.84 0.88 

  

 
53 52.7 55.1 

  
0.81 0.84 

 
x 

17 71 52.8 57.0 58.6 68.3 0.77 0.83 0.86 
 

 
46 51.8 56.4 58.1 

 
0.76 0.83 0.85 

 

 
72 51.8 56.4 58.1 

 
0.76 0.83 0.85 

 

 
57 51.8 56.4 58.1 

 
0.76 0.83 0.85 

 

  73 51.8 56.4 58.1 
 

0.76 0.83 0.85 
 

18 71 52.1 56.3 58.0 67.7 0.77 0.83 0.86 
 

 
69 51.9 56.3 58.3 

 
0.77 0.83 0.86 
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119 51.9 56.3 58.3 

 
0.77 0.83 0.86 

 

 
70 51.9 56.3 58.3 

 
0.77 0.83 0.86 

 

 
47 51.9 56.3 58.3 

 
0.77 0.83 0.86 

 

19 71 
 

57.2 59.3 66.9 
 

0.86 0.89 
 

 
57 53.5 

   
0.80 

  
x 

 
99 53.2 57.1 59.2 

 
0.80 0.85 0.88 

 

 
54 

 
57.1 59.2 

  
0.85 0.88 

 

 
51 53.2 57.1 59.2 

 
0.80 0.85 0.88 

 
Number of Comparisons 55 

Number Differentiated 19 

Not differentiated 36 

Discrimination Power 0.35 

Table 14.16: Results of analyses undertaken using Thin Layer Chromatography 
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The following tables in this and Appendix 3 were generated using GraphPad Prism. 

For paper samples, non-parametric test was selected due to the relative inhomogeneity 

of the material. Further information regarding the interpretation of these results can be 

found at: http://www.graphpad.com/guides/prism/6/statistics/ 
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The following section provides an example of what should be included either within 

the body of the report or referenced in the report and included as an appendix. The 

appendix should be tailored as appropriate to the tests conducted in each case. 

 

Overview of Paper Examination Procedures 

A range of examinations were conducted with the aim of determining whether two or 

more papers did or did not originate from the same source. The tests utilise range in 

complexity from simple physical and light examinations to more complex chemical 

testing. In this case, the tests conducted include: 

• Physical Examinations – include measuring the weight, dimensions and 

thickness of the paper sample and subsequently calculating the grammage 

(grams per metre2) and sheet density (thickness per kg3) of the sheets. Once 

calculated, these attributes are compared for similarities or differences. 

• Light Examinations – include comparing the reaction of the paper samples to 

ultraviolet light, transmitted light and observing the light in normal (white) 

light conditions.  

• Chemical - Thin Layer Chromatography (TLC) – the dyes and brighteners 

included in the papers are extracted and spotted on to a silica backed 

aluminium plate, which is dried and a mobile (liquid) phase is allowed to 

migrate up the plate, separating the dyes and brighteners into their core 

components. These components are then compared to determine whether the 

same or different dyes and brighteners were used in paper production. 

• Chemical - Isotope Ratio Mass Spectrometry (IRMS) – a highly discriminating 

technique where samples are punched from the paper sheets and measured to 

determine the stable isotope ratios of oxygen and carbon within the sample. 

The isotopes, defined as naturally occurring forms of the elements oxygen and 

carbon that differ in their atomic weight, are naturally occurring and vary 

depending on the source of the material used to produce the paper. This 

technique has been shown to be highly discriminating for naturally occurring 

materials, and for paper in particular.  
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At the conclusion of testing, the examiner weighs the results to determine whether the 

evidence supports one proposition over the other. The two propositions being tested 

are: 

 

Proposition 1: The specimen and questioned papers originated from the same source 

Proposition 2: The specimen and questioned papers originated from a different source 

 

As papers are a manufactured material, even using highly discriminating techniques 

such as the ones here, the possibility that more than one source has produced a paper 

of the same physical, optical, chemical and isotopic properties cannot be excluded. 

Additionally, the size of a source or batch produced in the same facility cannot be 

defined. Due to this, when no difference is observed between questioned and specimen 

papers, in general, it is not possible to weigh the proposition in terms of the paper 

having solely originated from the same source.   

 

The weight of the evidence should be scaled to formulate one of the following 

opinions: 

 

• There is support for the proposition that the specimen and questioned papers 

originated from the same source, or from a source with the same physical, 

optical, chemical and isotopic properties.  

• The evidence favours neither proposition and the results are inconclusive. 

• There is support for the proposition that the specimen and questioned papers 

originated from different sources. 

• There is strong support for the proposition that the specimen and questioned 

papers originated from different sources.  
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TLC Results, with plate references
Calc Rf of Peaks

Plate Number
Sample
Number Peak 1 Peak 2 Peak 3 Solvent Front RF Comp 1 RF Comp 2 RF Comp 3 Differentiate?

2 71 47.6 52.7 54.6 67.5 0.71 0.78 0.81
43 53.1 54.7 0.79 0.81 n
67 52.8 54.6 0.78 0.81 n
68 53.0 54.8 0.79 0.81 y
74 53.5 55.0 0.79 0.81 n

3 71 53.2 56.2 64.7 0.82 0.87
75 52.6 55.4 56.4 0.81 0.86 0.87 n
76 52.8 55.9 56.4 0.82 0.86 0.87 n
77 52.6 55.5 56.2 0.81 0.86 0.87 n
78 52.2 55.4 56.3 0.81 0.86 0.87 n

5 71 52.9 55.2 57.7 67.5 0.78 0.82 0.85
84 56.5 58.3 0.84 0.86 y
86 51.1 56.6 58 0.76 0.84 0.86 n
87 51.0 56.1 58.1 0.76 0.83 0.86 n
88 54.8 56.5 0.81 0.84 y

6 71 50.1 54.7 56.8 66.5 0.75 0.82 0.85
88 55.2 57 0.83 0.86 y
89 55.2 57 0.83 0.86 y
92 54.2 55.9 0.82 0.84 y
93 56.5 58.6 0.85 0.88 n

7 71 51.5 56.1 57.9 68.2 0.76 0.82 0.85
94 51.5 56.0 58 0.76 0.82 0.85 n
95 51.5 55.9 57.9 0.76 0.82 0.85 n
96 56.2 58.2 0.82 0.85 n
97 56.2 58.2 0.82 0.85 n

9 71 50.5 54.7 56.6 65.1 0.78 0.84 0.87
103 52.9 54.9 0.81 0.84 y

104 52.9 54.9 0.81 0.84 y

10 71 49.7 53.6 55.3 62.2 0.80 0.86 0.89
105 48.9 0.79 y
106 48.9 0.79 y
107 48.9 52.9 55.3 0.79 0.85 0.89 n
109 48.8 53.8 55.3 0.78 0.86 0.89 n

11 71 50.3 53.2 54.9 63.5 0.79 0.84 0.86
102 47.1 48.2 0.74 0.76 y

112 48.5 52.1 54.1 0.76 0.82 0.85 n

12 71 59.1 60.3 61.5 67.1 0.88 0.90 0.92
113 59.2 60.6 0.88 0.90 y
114 54.9 58.2 59.5 0.82 0.87 0.89 y
P3 54.9 58.2 59.5 0.82 0.87 0.89 y

13 71 59.2 60.3 61.5 66.9 0.88 0.90 0.92
115 59.7 61.1 0.89 0.91 n
116 55.3 59 60.4 0.83 0.88 0.90 y

14 71 46 52.2 54.8 65.8 0.70 0.79 0.83
117 44.9 50.6 53.7 0.68 0.77 0.82 n
118 44.9 50.6 53.7 0.68 0.77 0.82 n
120 48.8 52.1 0.74 0.79 n
121 NONE y

15 71 46.4 52.4 55.5 66.9 0.69 0.78 0.83
122 NONE y
124 51.1 53.9 0.76 0.81 n
125 51.1 53.9 0.76 0.81 n
48 51.1 53.9 0.76 0.81 n

16 71 55.8 57.8 65.3 0.85 0.89
49 54.6 57.3 0.84 0.88 n
53 52.7 55.1 0.81 0.84 y

17 71 52.8 57.0 58.6 68.3 0.77 0.83 0.86
46 51.8 56.4 58.1 0.76 0.83 0.85 n
72 51.8 56.4 58.1 0.76 0.83 0.85 n
57 51.8 56.4 58.1 0.76 0.83 0.85 n
73 51.8 56.4 58.1 0.76 0.83 0.85 n

18 71 52.1 56.3 58.0 67.7 0.77 0.83 0.86
69 51.9 56.3 58.3 0.77 0.83 0.86 n
119 51.9 56.3 58.3 0.77 0.83 0.86 n
70 51.9 56.3 58.3 0.77 0.83 0.86 n
47 51.9 56.3 58.3 0.77 0.83 0.86 n

19 71 57.2 59.3 66.9 0.86 0.89
57 53.5 0.80 y
99 53.2 57.1 59.2 0.80 0.85 0.88 n
54 57.1 59.2 0.85 0.88 n
51 53.2 57.1 59.2 0.80 0.85 0.88 n

Differentiate?
yes 19
no 36
# Comparisons 55

DF 0.35

Measurement
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A B S T R A C T

Isotope ratio mass spectrometry (IRMS) using carbon isotopes has previously been shown to be a robust

and discriminating technique for the comparison of document papers. This study aims to examine the

inter and intra sample variability for oxygen isotopes measured in standard 80gsm white document

papers, to inform the comparison of document papers in forensic casework.

123 paper samples collected from Australia and New Zealand over a 24-month period were measured

for their bulk oxygen isotopic abundance and were found to sit within a range of 15 %. A homogeneity

study was undertaken which included examining the variability of samples at the sheet, ream and brand

source levels. The results of this study were used to construct guidelines for sample comparison and as

such, 95% confidence intervals were observed to be inappropriate for use given the high intra sample

variability. Instead, a 1.4 % discrimination range (0.7 % either side of the measured value) was defined

for use as a benchmark for discrimination when samples were measured in the same sequence. Utilising

this value, 82% of the samples could be discriminated using a paired comparison, demonstrating a strong

potential for use within forensic casework.
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A B S T R A C T

Isotope Ratio Mass Spectrometry (IRMS) has been shown to be a useful tool in the comparison of

materials that are chemically identical either through man-made production processes or for materials

that have been naturally produced. Paper therefore, is an ideal material for this type of measurement

given that it is manufactured from a naturally produced product that can be difficult to discriminate

based on physical feature comparison alone. To determine whether carbon isotopes are useful for

discriminating document papers, 125 samples from Australia and New Zealand were collected over a 24-

month period. When measured, a range of 8% was observed. A homogeneity study was undertaken to

examine the range of values expected from paper sources including single sheets, single reams and

multiple reams from the same brand. These results can also be used to suggest how best to sample from

these different sources. After characterizing the natural variation of the material, a range of 1% was

defined for use as a benchmark for discrimination. Utilizing this threshold, 68% of the 125 collected

samples (when paired against each other) could be discriminated using the carbon isotope abundances

alone. Additionally, correlation was observed when measured values were plotted against their

production region of origin.
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A B S T R A C T

This paper describes the development and validation of a method for the analysis of office papers by

measuring carbon isotopes using isotope ratio mass spectrometry (IRMS). The method development

phase included testing protocols for storage, sample materials, set-up of the analytical run; and

examining the effects of other paper examination procedures on IRMS results. A method validation was

performed so that the Deltaplus XP IRMS instrument (Thermo Finnigan, Bremen, Germany) with Flash

EATM 1112 could be used to measure document paper samples for forensic casework. A validation

protocol that would meet international standards for laboratory accreditation (international standard

ISO 17025) was structured so that the instruments performance characteristics could be observed. All

performance characteristics measured were found to be within an acceptable range and an expanded

measurement uncertainty for the measurement of carbon isotopes in paper was calculated at 0.26%,

with a coverage factor of 2. This method was utilized in a large-scale study, published as part one of this

series, that showed that IRMS of document papers is useful as a chemical comparison technique for

80 gsm white office papers.
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A B S T R A C T

When undertaking any study of the isotope abundance values of a bulk material, consideration should be

given to the source materials and how they are combined to reach the final product being measured.

While it is demonstrative to measure and record the values of clean papers, such as the results published

as part one of this series, the majority of forensic casework samples would have undergone some form of

writing or printing process prior to examination. Understanding the effects of these processes on the d13C
values of paper is essential for interpretation and comparison with clean samples, for example in cases

where printed documents need to be compared to paper from an unprinted suspect ream.

This study was undertaken so that the source materials, the effects of the production process and the

effects of printing and forensic testing could be observed with respect to 80 gsm white office papers.

Samples were taken sequentially from the paper production facility at the Australian Paper Mill

(Maryvale, VIC). These samples ranged from raw wood chips through the pulping, whitening and

refinement steps to the final formed and packed paper. Cellulose was extracted from each sample to

observe both fractionation and mixing steps and their effect on the d13C values. Overall, the mixing steps

were observed to have a larger effect on the isotopic values of the bulk materials than any potential

fractionation. Printing of papers using toner and inkjet printing processes and forensic testing were

observed to have little effect on d13C.
These experiments highlighted considerations for sampling and confirmed the need for a holistic

understanding of sample history to inform the interpretation of results.

Crown Copyright � 2013 Published by Elsevier Ireland Ltd. All rights reserved.

* Corresponding author at: Forensic and Data Centres, Australian Federal Police,

P.O. Box 401, Canberra, ACT 2601, Australia. Tel.: +61 2 62036078.

E-mail address: kylie.jones@afp.gov.au (K. Jones).

Contents lists available at ScienceDirect

Forensic Science International

jou r nal h o mep age: w ww.els evier . co m/lo c ate / fo r sc i in t

0379-0738/$ – see front matter . Crown Copyright � 2013 Published by Elsevier Ireland Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.forsciint.2013.10.011

http://dx.doi.org/10.1016/j.forsciint.2013.10.011
http://dx.doi.org/10.1016/j.forsciint.2013.10.011

	Title Page
	Certificate of Original Authorship
	Acknowledgements
	Table of Contents
	Abstract
	List of Publications and Presentations
	List of Tables
	List of Figures
	1. Literature Review and Aims
	1.1. Introduction
	1.2. Aims of this Research
	1.3. Pulping and Paper Making
	1.3.1. Pulping
	1.3.2. Pulp Bleaching and Whitening
	1.3.3. Paper Making

	1.4. Forensic Examination of Paper
	1.4.1. Physical Examination Methods
	1.4.2. Chemical Examination Methods

	1.5. Isotope Ratio Mass Spectrometry
	1.5.1. Stable Isotopes
	1.5.2. Isotope Ratio Notation and International Standards

	1.6. Isotopic Scale Calibration and Correction
	1.6.1 Method for Correcting Raw Instrument Data
	1.6.2 Drift Correction
	1.6.3 Outlier Exclusion using Grubbs Test
	1.6.4 Isotopic Scale Calibration

	1.7. Isotopic Fractionation
	1.7.1. Equilibrium Isotope Effects
	1.7.2. Kinetic Isotope Effects
	1.7.3. Calculation of Isotopic Fractionation

	1.8. Stable Isotope Instrumentation
	1.8.1. Isotope Ratio Mass Spectrometer
	1.8.2. Continuous Flow IRMS
	1.8.3. Laser Spectroscopic Techniques

	1.9. Overview of Isotope Ecology and Isotopic Discrimination
	1.9.1. Isotope Cycling and Whole Earth Isotope Values

	1.10. Photosynthesis and Plant Isotopic Values
	1.10.1. Carbon Isotopes
	1.10.2. Oxygen and Hydrogen Isotopes
	1.10.3. Isoscapes

	1.11. Use of IRMS in Forensic Science
	1.11.1. Analysis of Organic Evidence using IRMS
	1.11.2. IRMS Used for the Comparison of Document Papers

	1.12. Research Strategy

	2. Carbon Method Development and Validation
	2.1. Introduction and Aims
	2.2. Materials and Methods
	2.2.1. Standards and Samples
	2.2.2. Instrumentation and Equipment
	2.2.3. Correction of Values
	2.2.4. Statistical Tests
	2.2.5. Method Development
	2.2.6. Method Validation

	2.3. Results and Discussion – Method Development
	2.3.1. Linearity
	2.3.2. Water Absorption
	2.3.3. Sample Handling, Storage and Paper Equilibration
	2.3.4. Design of Sample Run

	2.4. Results and Discussion – Method Validation
	2.4.1. Precision and Stability
	2.4.2. Repeatability
	2.4.3. Accuracy
	2.4.4. Robustness
	2.4.5. Measurement Uncertainty
	2.4.6. Inter-laboratory Trial

	2.5. Conclusions

	3. Carbon Isotopes – Background Population and Homogeneity
	3.1. Introduction
	3.2. Materials and Methods
	3.2.1 Samples and Standards

	3.3. Results and Discussion
	3.3.1 Background Population Study – Carbon Isotopes
	3.3.2 Paper Homogeneity Within One Ream
	3.3.3 Homogeneity Between Reams of the Same Brand
	3.3.4 Discrimination of Background Population

	3.4. Conclusions

	4. Carbon Isotopes – Source, Handling and Forensic Sampling
	4.1. Introduction
	4.2. Materials and Methods
	4.2.1 Source and Paper Production Samples
	4.2.2 Usage of Papers – Printing Processes
	4.2.3 Usage of Papers - Environmental Effects and Forensic Testing

	4.3 Results and Discussion
	4.3.1 Source and Paper Production Samples
	4.3.2 Usage of Papers – Printing Processes
	4.3.3 Usage of Paper – Environmental Effects and Forensic Testing

	4.4. Conclusions

	5. Oxygen Isotopes – Method Development and Validation
	5.1. Introduction
	5.2. Materials and Methods
	5.2.1 Standards and Samples
	5.2.2 Instrumentation and Equipment
	5.2.3 Correction of values and statistical tests
	5.2.4 Method Development
	5.2.5 Method Validation

	5.3. Results and Discussion
	5.3.1 Oxygen Method Development
	5.3.2 Method Validation

	5.4. Conclusions

	6. Oxygen Isotopes – Background Population and Homogeneity
	6.1. Introduction
	6.2. Materials and Methods
	6.3. Results and Discussion
	6.3.1. Background Population Study – Oxygen Isotopes
	6.3.2. Paper Homogeneity Within One Ream
	6.3.3. Homogeneity Between Reams of the Same Brand
	6.3.4. Discrimination of Background Population

	6.4. Conclusions

	7. Oxygen Isotopes – Source, Handling and Forensic Sampling
	7.1. Introduction
	7.2. Materials and Methods
	7.2.1. Source and Paper Production Samples
	7.2.2. Usage of Paper – Printing Processes
	7.2.3. Usage of Papers – Environmental Effects and Forensic Testing

	7.3. Results and Discussion
	7.3.1. Source and Paper Production Samples
	7.3.2. Usage of Papers – Printing Processes
	7.3.3. Usage of Papers – Environmental Effects and Forensic Testing

	7.4. Conclusions

	8. Hydrogen Isotopes – Preliminary Study
	8.1. Introduction
	8.2. Materials and Methods
	8.2.1. Standards and Samples
	8.2.2. Instrumentation and Equipment

	8.3. Results and Discussion
	8.3.1. Discrimination within the sample set

	8.4. Conclusion

	9. Other Paper Examination Techniques
	9.1. Introduction
	9.2. Materials and Methods
	9.2.1. Standards and Samples
	9.2.2. Comparison using UV, Transmitted and Ambient Light
	9.2.3. Measurement of Grammage and Apparent Sheet Density
	9.2.4. Thin Layer Chromatography
	9.2.5. X-Ray Diffraction Analysis

	9.3. Results and discussion
	9.3.1. Ambient, UV and Transmitted Light
	9.3.2. Grammage and Apparent Sheet Density
	9.3.3. Thin Layer Chromatography
	9.3.4. Collation and Comparison of Techniques
	9.3.5. X-Ray Diffraction

	9.4. Conclusions

	10. Examination Protocol, Interpretation of Results andReporting
	10.1. Introduction
	10.2. Combining Techniques
	10.2.1. Using Carbon and Oxygen Isotopes for Discrimination
	10.2.2. Using IRMS Results with Other Examination Techniques
	10.2.3. Proposed Examination Protocol

	10.3. Interpretation of Results
	10.3.1. Factors Affecting Interpretation
	10.3.2. Proposed Interpretation Workflow

	10.4. Reporting of Results
	10.4.1. Proposed Reporting Scale and Report Content

	10.5. Conclusions

	11. Blind Trial of Examination Protocol
	11.1. Introduction
	11.2. Method and Materials
	11.2.1. Organisation of Blind Trials
	11.2.2. Change to Carbon Method

	11.3. Results and Discussion
	11.3.1. Trial A
	11.3.2. Trial B
	11.3.3. Trial C
	11.3.4. Trial D
	11.3.5. Trial E
	11.3.6. Trial F
	11.3.7. Trial G
	11.3.8. Trial H

	11.4. Comparison of Trial Findings to Known Results
	11.5. Conclusions

	12. Conclusions and Future Work
	13. References
	14. Appendix 1 – Data Tables
	15. Appendix 2 - ANOVA tables for Carbon HomogeneityExperiments
	15.1 Single Ream Homogeneity Study
	15.2 Between Ream Homogeneity Study

	16. Appendix 3 - ANOVA tables for Oxygen HomogeneityExperiments
	16.1 Single Ream Homogeneity Study
	16.2 Between Ream Homogeneity Study

	17. Appendix 4 – Proposed Technical Report Appendix
	18. Appendix 5 – Electronic Files on Included Disc
	18.1 Comparison Tables (see Excel Spreadsheets)
	18.2 Thin Layer Chromatography Plate Images
	Plate 2
	Plate 3
	Plate 5
	Plate 6
	Plate 7
	Plate 9
	Plate 10
	Plate 11
	Plate 12
	Plate 14
	Plate 15
	Plate 16
	Plate 17
	Plate 18
	Plate 19
	TLC Results, with plate references

	18.3 Ambient, UV and Transmitted Light Images
	Sample 53 Transmitted Light
	Sample 53 UV254 Light
	Sample 53 UV312 Light
	Sample 53 UV365 Light
	Sample 56 Transmitted Light
	Sample 82 Transmitted Light
	Sample 88 Transmitted Light
	Sample 88 UV312 Light
	Sample 92 Transmitted Light
	Sample 92 UV312 Light
	Sample 92 White Light
	Sample 93 Transmitted Light
	Sample 93 UV312 Light
	Sample 94 Transmitted Light
	Sample 94 UV312 Light
	Sample 94 White Light
	Sample 95 Transmitted Light
	Sample 95 UV312 Light
	Sample 96 Transmitted Light
	Sample 97 Transmitted Light
	Sample 97 UV312 Light
	Sample 98 Transmitted Light
	Sample 98 UV312 Light
	Sample 99 Transmitted Light
	Sample 99 UV312 Light
	Sample 101 Transmitted Light
	Sample 102 Transmitted Light
	Sample 103 UV254 Light
	Sample 103 UV312 Light
	Sample 105 Transmitted Light
	Sample 105 UV312 Light
	Sample 107 Transmitted Light
	Sample 107 UV312 Light
	Sample 108 Transmitted Light
	Sample 108 White Light
	Sample 109 Transmitted Light
	Sample 112 Transmitted Light
	Sample 113 UV254 Light
	Sample 113 UV312 Light
	Sample 113 UV365 Light
	Sample 114 Transmitted Light

	18.4 Copy of Published Work
	Oxygen Part 1 Published
	Part 1 Published
	Part 2 Published
	Part 3 Published



