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1. Introduction

The authentication and identification of the source of either
written or printed documents can be a significant issue in forensic
investigations for many criminal and civil events, with examples
including ransom notes, altered wills, insurance fraud, counterfeit
currency, travel and identity documents, business and personal
cheques, legal malpractice, money orders, prescription labels,
traveller’s cheques, medical records, and financial documents
[1,2]. Once a fraudulent page entry within a multi-page document
is suspected, the forensic examiner generally seeks to answer some
basic questions. These questions include: (a) is the document an
original or a copy?; (b) has more than one technology been used to

prepare the document?; (c) is there any evidence that text has been
altered or added?; (d) are there any obvious defects on the page
that could lead to the machine being individualized?; and (e) what
ink or toner product type has been employed? [3] Various
analytical methods may be applied to distinguish between
document elements using their physical and optical properties.
Elemental composition may improve the discrimination and
identification of the samples. These methods can be relatively
simple or more complicated to apply, and their respective
specificity and sensitivity also varies.

The improvements in quality control during the modern
papermaking process limit the variability in physical and optical
properties of such materials and, hence, the ability to distinguish
between samples originating from different sources has been
reduced [4–6]. In contrast, there are continuous changes in the
chemical composition and formulation of different ink types as a
mean of enhancing product properties. A number of studies have
been conducted on the evaluation of different instrumental
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A B S T R A C T

Document examination is an important forensic discipline and the legal system regularly needs the

knowledge and skills of the scientific expert when questioned documents are involved in criminal or civil

matters. Amongst the many aspects of the scientific examination of documents, elemental analysis can

provide useful results. In this study, the evaluation of the analytical performance of a commercially

available laser-induced breakdown spectroscopy (LIBS) instrument was conducted on office papers,

writing inks, inkjet inks and laser printer toners. The paper sample set analysed consisted of

33 Australian paper specimens originating from the same production plant but representing different

brands and/or batches. In addition, a total of 131 ink or toner samples were examined that included black

and blue ballpoint inks, black inkjet inks, and black laser printer toners originating from several

manufacturing sources, models and/or batches. Results from the LIBS method were compared against

those obtained using more established elemental profiling method such as laser ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS). LIBS demonstrated detectable and significant

differences between different batches of the same brand as well as between different brands of paper,

ink and toner samples. The LIBS method provided comparable discrimination powers for the selected

sample sets when compared to those obtained using LA-ICP-MS (discrimination from 99.8 and 100% of

the sample pairs, depending on the sample subset under examination). LIBS is a suitable technique for

the determination of elemental composition as part of a protocol for the examination of questioned

documents.
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methods for the classification and discrimination of paper
documents utilizing chemical composition data. Methods that
have been applied include flame atomic absorption spectroscopy
(FAAS), X-ray fluorescence (XRF) spectroscopy, X-ray photoelec-
tron spectroscopy, neutron activation analysis (NAA), scanning
electron microscopy with energy dispersive X-ray analysis (SEM-
EDX), and inductively coupled plasma-based methods. However,
few studies have incorporated laser-induced breakdown spectros-
copy (LIBS) for the detection of trace elements in paper and ink
samples [5,7,8]. Various chemical techniques have demonstrated a
potential to discriminate document papers but no technique has
progressed to full validation or routine use in forensic laboratories
in Australia [4,9–14].

The application of laser-based methods such as LIBS and laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) for the analysis of forensic evidence has gained more interest
in recent years due to their multi-elemental detection, quantitative
capabilities, and good sensitivity and selectivity. LA-ICP-MS has
been used for the discrimination of blue ballpoint inks [15]. The
results showed that LA-ICP-MS provided a higher discrimination
power than other conventional techniques such as visual
comparison and separation methods. LIBS has been applied to
determine various properties of coated and uncoated copier
papers; in addition, the depth profiles of double coated papers
were also determined [12]. The results showed that the two
coating layers could be distinguished if there were sufficient
differences in their composition. With uncoated papers, the
various filler distributions could also be determined and eventually
compared. LA-ICP-MS was used with LIBS to study the elemental
composition of 24 different white multipurpose document papers
(i.e., different sources and brands) [5]. The results of the study
showed smaller variations in elemental composition within a
single sheet source compared with variations across different
sources (i.e., brands and types). Furthermore, there were signifi-
cant and detectable differences between multipurpose white
papers originated from different sources. These differences in the
elemental composition of paper were detected between papers
from different brands, paper manufactured at different plants, and
batches of paper manufactured at the same mill at time intervals
ranging from a few days to three months, depending on the
variability of the raw materials and the recycled content.

While LIBS has been applied to the analysis of ink, the majority
of studies has focused only on historical and artistic prints rather
than the forensic analysis of modern documents [16,17]. Few
reports have demonstrated the application of LIBS for the analysis
of writing inks [5,18–20] and only two for printing ink analysis
[21,22]. One of these studies reported the use of LIBS and LA-ICP-
MS to study the elemental composition of inks from more than
200 pens [5]. The results of this study showed smaller variations in
elemental composition within a single pen source (same brand and
model) compared with variations between different sources
(different brands or models). Significant and detectable differences
were observed between black gel inks and ballpoint inks from
different sources (discrimination of �96–99% depending on the
sample set under investigation and the method applied) [5]. In
another study, the discrimination potential of LIBS for the analysis
of several dozen inks (29 gel pens, 40 ballpoint pens, 6 porous point
pens, 10 rollerball pens) of different colour (black, blue and red)
were examined [19]. Nine elements (Ba, Cr, Cu, Fe, Li, Mn, Mo, Ni,
and W), in different combinations, were used during comparative
analysis of the ink samples. The results revealed that the LIBS
method was able to distinguish black, blue and red ink samples
with a discrimination power of 82, 83 and 61%, respectively, based
only on qualitative elemental analysis.

The application of LA-ICP-MS and LIBS for the analysis of
printed documents was recently investigated by Trejos et al. [21],

who reported the characterisation of toners and inkjet inks by
laser-based methods and SEM-EDX using different statistical and
comparison methods (i.e., ANOVA with Tukey’s post hoc test and
PCA). The results indicated that SEM-EDX was not suitable for the
examination of 12 black inkjet samples since elemental concen-
trations were below the detection limits for the majority of
elements except sulphur, providing only 47.4% discrimination
between possible comparison pairs. On the other hand, laser-based
methods were shown to provide discriminations greater than 94%
for the same inkjet set, with false exclusion and false inclusion
rates lower than 4.1% and 5.7% for LA-ICP-MS and LIBS,
respectively. In addition, the discrimination of 27 black laser
toner samples originating from different manufacturing sources
and/or batches by LIBS and LA-ICP-MS produced 89% and 100%
discrimination, respectively. More recently, Subedi et al. [22]
reported the use of a tandem LIBS/LA-ICP-MS system for the
characterisation of samples of printing inks (toners, inkjets,
intaglio and offset) originating from different manufacturing
sources and printed directly on Whatman paper 42. The results
showed that the combination of LA-ICP-MS and LIBS data
improved the discrimination of printing inks compared to either
LIBS or LA-ICP-MS measurements alone.

In spite of the potential benefits of LIBS over other elemental
analysis techniques — being simple, fast, simultaneous multi-
elemental detection with no sample preparation (directly on
paper), minimum sample destruction, and reduced instrument
cost and maintenance — it is not yet established as a routine
forensic technique for the elemental profiling of question
documents and no studies have been published on the application
of LIBS to Australian paper samples. As a consequence, the purpose
of this study was to determine if LIBS should be incorporated into
the analytical protocol for the examination of question documents.
Thus, office paper, black and blue ballpoint inks as well as black
printing inks and laser toners were analysed using an optimised
LIBS method. Only black printing inks and toners were analysed as
they are by far the most commonly encountered in questioned
document examination and they are also the most difficult to
differentiate by physical and chemical properties. Finally, in order
to evaluate the analytical performance of LIBS for the analysis of
question document, results from this method were compared with
those obtained using LA-ICP-MS.

2. Materials and methods

2.1. Standards and reagents

In-house matrix matched standards were created according to
methods previously published in the literature in order to calibrate
the laser parameters before sample analyses [5,23]. Single element
solutions of Ba, Cu, Fe, Mn, La, Rh, Sr, Pb and Ti at 1000 mg/mL and
Al, Mg, and Na at 10,000 mg/mL (High Purity Standards, Choice
Analytical, Australia) were used to prepare stock solutions.
WhatmanTM 542 filter paper was used as a support matrix for the
preparation of standards. For paper analyses, five in-house
matrix standards were prepared by spiking WhatmanTM 542 filter
paper circle (4.25 cm) with 0.5 mL of stock solution ranging in
concentration from 25 mg/mL (25 ppm) to 7000 mg/mL (7000 ppm),
depending on the element of interest. Water soluble Montblanc
black and blue fountain inks spiked at 6 different concentration
levels of the standard solutions previously prepared were used for
the preparation of in-house ink matrix standards. An internal
standard (La) at a final concentration of 50 mg/mL was also added.

The sequence of creating these standards was as follows: first, a
WhatmanTM 542 filter paper circle was spiked with 10 mL of 50 mg/
mL rhodium solution then left to dry overnight. The second step
included the addition of 10 mL of the spiked ink on the surface of
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