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ABSTRACT OF THE DISSERTATION 

ELEMENTAL ANALYSIS OF GLASS AND INK BY LASER ABLATION 

INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (LA-ICP-MS) AND 

LASER INDUCED BREAKDOWN SPECTROSCOPY (LIBS)  

by 

Benjamin E Naes 

Florida International University, 2009 

Miami, Florida 

 Professor José R. Almirall, Major Professor 

The necessity of elemental analysis techniques to solve forensic problems 

continues to expand as the samples collected from crime scenes grow in complexity. 

Laser ablation ICP-MS (LA-ICP-MS) has been shown to provide a high degree of 

discrimination between samples that originate from different sources. In the first part of 

this research, two laser ablation ICP-MS systems were compared, one using a 

nanosecond laser and another a femtosecond laser source for the forensic analysis of 

glass. The results showed that femtosecond LA-ICP-MS did not provide significant 

improvements in terms of accuracy, precision and discrimination, however femtosecond 

LA-ICP-MS did provide lower detection limits. In addition, it was determined that even 

for femtosecond LA-ICP-MS an internal standard should be utilized to obtain accurate 

analytical results for glass analyses.  

In the second part, a method using laser induced breakdown spectroscopy (LIBS) 

for the forensic analysis of glass was shown to provide excellent discrimination for a 
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glass set consisting of 41 automotive fragments. The discrimination power was compared 

to two of the leading elemental analysis techniques, µXRF and LA-ICP-MS, and the 

results were similar; all methods generated >99% discrimination and the pairs found 

indistinguishable were similar. An extensive data analysis approach for LIBS glass 

analyses was developed to minimize Type I and II errors en route to a recommendation of 

10 ratios to be used for glass comparisons. 

Finally, a LA-ICP-MS method for the qualitative analysis and discrimination of 

gel ink sources was developed and tested for a set of ink samples. In the first 

discrimination study, qualitative analysis was used to obtain 95.6% discrimination for a 

blind study consisting of 45 black gel ink samples provided by the United States Secret 

Service. A 0.4% false exclusion (Type I) error rate and a 3.9% false inclusion (Type II) 

error rate was obtained for this discrimination study. In the second discrimination study, 

99% discrimination power was achieved for a black gel ink pen set consisting of 24 self 

collected samples. The two pairs found to be indistinguishable came from the same 

source of origin (the same manufacturer and type of pen purchased in different locations). 

It was also found that gel ink from the same pen, regardless of the age, was 

indistinguishable as were gel ink pens (four pens) originating from the same pack. 
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1 INTRODUCTION 

 In the modern era of forensic science, the role of the forensic examiner is 

constantly evolving as new and often improved analytical techniques and methodologies 

are developed to counteract present and future scientific challenges. The rise in interest of 

forensic science in mainstream media has contributed to its popularity and sparked 

interest in the scientific community, which has produced benefits and drawbacks alike. 

The benefits, such as increased forensic related research, new methodologies, 

advancement in education, etc. has certainly outweighed the drawbacks. The major 

repercussion that has surfaced is related to an inaccurate public perception (or 

understanding) on how forensic science really works, the challenges of sample analysis 

and the complexity of such challenges, and the strength of the analytical results en route 

to either convicting or exonerating a suspect in a court of law. Thus, it is up to the 

forensic science community to combat or address these issues by supplementing the lack 

of knowledge (throughout the general public) with fundamental science that speaks for 

itself. 

 Trace analysis is one area of forensic science that has evolved considerably in the 

last decade or so, where the ultimate conclusion from a forensic point of view is whether 

or not two samples are a “match” (indistinguishable) or if they are not (distinguishable) 

and what that actually means. The idea of match criteria has brought about important 

questions and was recently highlighted in a recent report by the National Research 

Council released by the National Academy of Sciences [1]. With respect to the current 

status of forensic science, the report called for an “overhaul” of a “badly fragmented” 
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system [1] which in the realm of trace evidence analysis (and comparisons) included 

recommendations on development of universal methodologies (from sample collection to 

analysis to data interpretation) and the research to validate the accuracy and reliability of 

such methods. The report also called for laboratory accreditation (and the enactment of 

quality control measures) and the creation of a code of ethics by which all forensic 

scientists should adhere to [1]. With respect to trace evidence comparisons, reducing or 

eliminating both Type I (false exclusions) and Type II (false inclusions) errors is crucial 

to any forensic case. 

 Furthermore, simply stating that a glass fragment collected at a crime scene is a 

match to a known source is not sufficient, especially if the conclusion is based on 

refractive index measurements that have limited discrimination power. The lack of 

discrimination has led to the development of analytical techniques, such as laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS), which have been shown to 

provide increased discrimination power and has reduced the error rate associated with 

sample comparisons. With regard to concluding that samples are a match, a statement 

should be made that reinforces that conclusion, such as “the glass fragment at the crime 

scene and the known sample was indistinguishable at the 95% confidence interval, 

meaning that these glass sources were likely produced in the same manufacturing plant at 

about the same time”. The statement preceding this sentence is supported by glass 

population studies [2-6], and future population studies will continue to further validate 

current analytical methodologies for forensic glass comparisons. The concept of match 

criteria, and the attributing population studies used to validate such determinations, can 

be extended to other matrices of forensic interest. In my dissertation, population studies 
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and the associated conclusions for forensic glass and gel ink analyses will be presented 

along with the methods used to generate those determinations.  

The original hypothesis regarding femtosecond LA-ICP-MS was that it would 

provide improved figures of merit and thus be less matrix-matched dependent. With 

respect to the LIBS part, it was hypothesized that a competitive method could be 

developed for the forensic analysis and discrimination of glass. For the ink project, the 

hypothesis was that LA-ICP-MS can be used for the characterization and discrimination 

of gel ink pens.  

1.1 Significance of the Study 

 Two new methods will be presented for the analysis of forensic glass and gel inks, 

in addition to a study which assessed and compared the figures of merit of an existing 

technique, glass analysis by LA-ICP-MS, using two different laser systems. With forensic 

glass studies, it is important to establish first and foremost the necessity of elemental 

analysis for the characterization and discrimination of float glass. It has been established 

in previous studies that refractive index measurements do not often provide the 

discrimination power necessary for accurate forensic glass comparisons, namely that 

there is an increased risk of committing Type I and Type II errors [2-3,7-10]. Since glass 

manufacturers target similar refractive indices and therefore only a small degree of 

variation may exist between glass sources, the lack of discrimination power can 

ultimately lead to Type II errors (false inclusion), meaning that a pair was found 

indistinguishable when the fragments originated from different sources. Elemental 

analysis helps to minimize the potential to commit these errors and in turn increases 
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discrimination, which is significant to forensic cases. 

 In chapter 3, the advantages of femtosecond LA-ICP-MS detailed in the literature 

will be assessed for the forensic analysis of glass. The figures of merit for glass analysis 

by femtosecond LA-ICP-MS will be compared to the less complex and less expensive 

approach of nanosecond LA-ICP-MS. Studies using different quantification approaches 

in addition to the use (or non-use) of an internal standard will be presented. The latter 

concept is particularly important to the scientific community because if femtosecond LA-

ICP-MS can provide accurate and precise results without the need of an internal standard, 

then analyses on other matrices where a good internal standard is not available could then 

be readily performed (i.e. forensic analysis of paint).  

 Secondly, a method (including an extensive data analysis study) using laser 

induced breakdown spectroscopy (LIBS) will be presented and the glass discrimination 

results are compared to two of the leading techniques in elemental analysis of materials, 

micro X-ray fluorescence (µXRF) and LA-ICP-MS. The significance concluded from this 

study was that LIBS provided a viable alternative to the aforementioned approaches with 

respect to discrimination power (all techniques generated 99% discrimination potential). 

Besides providing similar discrimination power, the advantages of LIBS include faster 

analysis times (or higher sample throughput), reduced complexity of use and the 

instrumentation can be purchased at a fraction of the cost compared to µXRF and LA-

ICP-MS. These advantages are particularly significant to forensic labs where high there 

are limited resources to acquire or substantiate the purchase of expensive instruments. 

 Finally, an analytical method was developed for the analysis of black gel inks (on 

paper) by LA-ICP-MS. A study of this type is of particular interest to the forensic 
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community because currently there is no method in existence for the discrimination of 

this class of ink. More specifically, the components of gel inks cannot be separated by the 

chromatographic techniques (i.e. thin layer chromatography) typically employed in 

forensic document examination or questioned document laboratories [11]. Once a method 

was established, it was then tested by conducting two population/discrimination studies in 

conjunction with a single pen (within pen) variation study and a within (pen) pack 

variation study.  

2 ANALYTICAL COMPARISON OF NANOSECOND AND FEMTOSECOND 

LA-ICP-MS FOR THE ELEMENTAL ANALYSIS OF GLASS 

2.1 Glass Matrix 

By definition, glass is referred to any amorphous transparent or translucent 

material that is comprised of a mixture of silicates and was inherently produced by fusion 

and eventual solidification from the molten state (of these silicates) in the absence of 

crystallization [12]. The main constituent in glass is silicate (or from an elemental 

viewpoint, silicon) and for commercial glass manufacturing the source most utilized to 

acquire the silicate backbone is sand (SiO2).  

Typically, other oxides are added during the manufacturing of glass such as lime 

(CaO), soda ash (Na2O), and potash (K2O) which assist with reducing key (and 

economical) factors like the melting point of SiO2 and viscosity [12]. Other raw materials 

(including recycled materials) are added for various reasons depending on the desired 

finished product, such as lead oxide (PbO) to increase refractivity, boron oxide (B2O3) to 

lower thermal expansion and create borosilicate glass, and aluminum oxide (Al2O3) to 
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increase durability, as well as numerous coloring (or decolorizing) agents as well as 

oxidizing (or reducing) agents [12].  

In glass matrices, there can be any number of possible trace elemental 

combinations, which are attributed to the raw materials or to the manufacturing process 

itself. As a result, there is a high degree of variation among the elemental profiles for 

glasses circulating in the population of which characterization and forensic analysis is 

possible. For discrimination purposes, the elements of interest in glass are not the major 

components but rather the trace elements (or unintended) components which inherently 

make glass sources distinguishable. 

Many types of glass exist in the general population, but one of (if not) the most 

common type encountered in forensic casework is float glass which encompasses many 

subtypes of glass, including automotive windshields, side and rear windows and 

architectural glass. The term float comes from the processes by which these flat glasses 

are produced, the molten fused glass “floats” on a bed of liquid tin en route to cooling 

hence the name float glass. This process is favorable to manufacturers because the 

finished product has uniform thickness and typically does not require additional finishing 

steps or procedures [12].  

All of the presented research in my dissertation involves the characterization and 

discrimination of float glass sources by elemental analysis. The short list of crimes where 

forensic glass evidence is often encountered includes burglaries, vandalism, and hit-and-

run accidents, among others. 
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2.2 Elemental Analysis of Glass 

Several analytical methods exist for determining the elemental composition of 

glass, including inductively coupled plasma mass spectrometry (ICP-MS), micro X-ray 

fluorescence (µXRF), scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM-EDS) and laser ablation-inductively coupled plasma mass 

spectrometry (LA-ICP-MS), each of which has its advantages and disadvantages [8]. The 

comparison of the given techniques and others, such as atomic absorption spectroscopy 

(AAS), neutron activation analysis (NAA) and inductively coupled plasma atomic 

emission spectroscopy (ICP-AES), has been reviewed extensively in the literature [9-10]. 

Two of those techniques (µXRF and LA-ICP-MS) will be compared to the analysis of 

glass by laser induced breakdown spectroscopy (LIBS) in the following chapter; 

additional details including background information for those techniques are presented 

there.  

Of these techniques, LA-ICP-MS offers increased sensitivity, the capability to 

perform quantitative analysis over a wide range of elements and isotopes, and excellent 

precision, all of which translate into improved discrimination potential. Despite these 

advantages, the major disadvantage of this technique is the associated cost of the 

instrumentation, which has prevented many forensic laboratories from acquiring a LA-

ICP-MS. 

Previous research that helped with the advancement of forensic analyses of glass 

using elemental analysis includes the work by Hickman in 1986 [2], where ICP-AES was 

used to determine the concentrations of Mg, Ba, Mn, Fe, Al and Sr for a glass sample 

set/database consisting of 1350 samples [2]. With these elemental concentrations, 
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combined with refractive index measurements and multi-variate statistics (squared mean 

Euclidian distances), Hickman was able to classify casework glass samples into two 

separate groups, sheet and non-sheet glasses; and when tested, a high degree of accurate 

classification over a six year period was obtained [2]. In 1986, Ryland targeted 

classification of glass samples into the two most common types of forensic glass 

evidence, container glass and sheet glass [2]. The approach was to first compare Mg 

concentrations by scanning electron microscope/X-ray fluorescence microprobe (SEM-

microprobe) analysis with the approach that sheet glass samples typically contain greater 

than 2% Mg while container glass samples have Mg concentrations less than 1% [3]; by 

this method, 81% of container glasses were correctly classified. Element ratios were then 

used to attempt further classification and it was found that 93% proper classification was 

achieved by this method (for instance, Ca/Fe proved to be a good discriminating ratio) 

[3]. Koons et al. reported the use of ICP-AES in 1988 to determine the element 

composition of 184 glass samples (concentrations of Al, Ba, Mg, Fe, Sr, Mn, Ca, Na, and 

Ti) to discriminate sheet glass from container glass [4]. Koons et al. used principal 

component analysis (PCA) and cluster analysis to correctly classify 180 of the 184 

samples [4]. Additionally, complete discrimination by manufacturing plant was obtained 

via cluster analysis [4] meaning that the elemental composition of glass samples can 

potentially be traced back to the glass manufacturer. Becker et al. concluded in 2001 that 

the discrimination of float glass samples, using several elemental analysis techniques, 

including SEM-EDX, µ-XRF, and ICP-MS, was possible where refractive index 

measurements found such samples indistinguishable [5], The research also pointed out 

that despite discriminating the sample set, the former two techniques (SEM-EDX and µ-
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XRF) were less discriminating than ICP-MS. The improved sensitivity of and 

quantification of additional discriminating elements led to higher discrimination power 

[5].  

Furthermore, a protocol was developed and later published by the American 

Society of Testing and Materials (ASTM) for the forensic analysis of glass by dissolution 

ICP-MS (ASTM E-2330-2004) [13]. The digestion and dissolution ICP-MS protocol, 

initially drafted in our research group, provided the details on how to digest and compare 

glass fragments for forensic purposes. The digestion method consists of the combined use 

of HNO3, HF, and HCl and heat to completely dissolve the glass in preparation for 

dissolution ICP-MS [13]. The next step in the evolution of glass analysis was to compare 

a relatively new technique at the time, LA-ICP-MS to digestion ICP-MS. It was 

concluded that LA-ICP-MS provided similar figures of merit (accuracy, precision, and 

discrimination) for the analysis of glass samples of similar and differing sources of origin 

[6]. This was an important step for reasons specified in the laser ablation description 

section. Now a technique for glass analysis could be used in place of the difficult and 

dangerous digestion methods. Given the fractionation issues encountered with 

nanosecond LA-ICP-MS analyses, fractionation (where the elemental composition of the 

ablated mass is different from the composition of the bulk sample) in glass was studied 

[14]. From this research it was demonstrated that fractionation was not a factor in the 

accurate quantitative analysis of glass by LA-ICP-MS [14]. Furthermore, sampling 

strategies for the forensic analysis of glass by LA-ICP-MS detailed the significance of 

representative sampling for container and headlamp glass; it was also concluded that float 

glass is homogeneous even at the mass range sampled by laser ablation, typically less 
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than a microgram of material removed [15]. In addition, it was shown that accurate and 

comparable results (for standard reference materials NIST 612 and NIST 610) can be 

obtained for various sized fragments down to 0.1 mm in size using LA-ICP-MS [16]. 

Latkoczy et al., as part of a collaborative and inter-laboratory effort reported good 

agreement in the same glass sample results performed in different laboratories. In 

addition, a new set of glass reference materials, FGS01 and FGS02, were introduced for 

the quantification of glass as an alternative to NIST 612 and 610. These standards were 

more similar in composition (or better matrix-matched) to actual float glass samples and 

analyses showed that the use of these glasses for quantification provided an improvement 

in accuracy [17].  

The next step involving the forensic analysis of glass by our group and 

collaborators included the application of laser induced breakdown spectroscopy (LIBS), 

which will be discussed in the next chapter, and the research presented in the present 

chapter, and whether or not the performance advantages of femtosecond laser ablation 

ICP-MS (fs-LA-ICP-MS) over nanosecond laser ablation ICP-MS (ns-LA-ICP-MS) 

reported in the literature equated into improved figures of merit (accuracy, precision, 

limits of detection, and discrimination) for the analysis of float glass. The ultimate 

question asked was whether the additional cost of a femtosecond laser could be justified 

for the continued advancement of glass analysis and other applications of forensic 

interest. 
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Immediately following the pre-application step, straight lines were hand-drawn on 

the paper for ~30mm at a rate of approximately 15mm/sec. On a given piece of paper, 4-5 

lines were drawn parallel to one another (similar to a musician’s sheet music) with about 

1mm of separation between. A total of 16-20 total lines were drawn for each ink source, 

as demonstrated in Figures 17(a) and 17(b).  

   

Figures 17(a) and 17(b). Photos of prepared black gel ink samples on Whatman 542 filter 

paper, collected pen set. 

The ink on paper sample was then labeled with a unique identifier, as represented 

in Table 17, therefore each ink (plus paper) sample was a direct reference back to the ink 

pen (or source). The process was repeated for each ink source listed in Table 17, to reach 

the total of 24 ink source samples collected for analysis via LA-ICP-MS. Once all the 

respective lines were drawn, the ink was allowed to dry for 5 days on top of clean paper 

in the same clean fume hood described previously. Each ink sample then was placed in its 

own individual plastic bag with plastic forceps and remained isolated from the 

environment until analyzed. 
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On the 5th day, a section (~ 10mm x 10mm) of the applied ink sample was cut 

from the second grouping of lines approximately 5mm from the start of application (in 

the photo, Figure 18, the left most side). Each sample was extracted from the same area 

to ensure accurate comparisons between samples. The cut segments were then affixed to 

24mm x 20mm glass slide covers (Fisher Scientific, Boston, MA) using double-sided 

tape. Sample analysis was performed subsequently. Again, the reason why the glass 

cover slides and double-sided tape were used was because the combination of the two 

provided a completely flat surface, which was necessary for optimum sample removal 

(ablation) and optimal signal stability. A photo showing the ink samples affixed to the 

glass slide covers can be seen below (Figure 18).  

 

Figure 18. Photos of ink samples cut and affixed to glass cover slides (final preparation 

step prior to sample analysis by LA-ICP-MS). 

4.3.3.4.1   Within Pen Variation Study 

For the within pen variance study, the chosen ink source was B-001 (Gel Writer 

Rx) because of the design of the cartridge, which housed the ink. For this particular pen 

source, the ink cartridge provided graduations with respect to ink usage (or rather ink 

remaining). As seen in Figure 19, 100, 80, 60, 40, 20, and 0% graduations were provided 

by the manufacturer. This in turn allowed the analyst to take respective ink samples from 

the same pen at different usage intervals, simply by monitoring the amount of ink 
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remaining in the cartridge. The ink levels chosen for this study, which were strictly 

estimations, included 100, 75, 50, 25, 10, and 0% (percentage of ink remaining). One line 

was drawn for each interval in a similar fashion as the ink application procedure for the 

pen discrimination and the within pack studies, with the exception that the pre-

application step was omitted or else there would not be a true 100% (ink remaining) 

analysis interval. Between the respective sampling intervals, continuous markings were 

made with the ink pen (in a similar fashion to when the pre-application step was 

performed for the other studies) until the desired mark or interval was reached. 

 

Figure 19. Photo showing the ink level graduations of the gel ink cartridge used for the 

within pen variation study, gel ink source B-001. 

4.3.3.4.2   Within Pack Variation Study 

For the within pen pack variance study, the same application format detailed 

above was followed and was completed in the same time frame as the samples prepared 

for the discrimination study and the within pen study, respectively. The ink source 

utilized in the within pack study was B-015 (Staples Sonix Gel), and as seen in Table 17, 

there were four pens in the associated pack. Thus, for this study, the three remaining pens 

in the associated pack were subjected to the pre-application, application, and affixation to 

the glass cover slides steps, as detailed previously. The only difference here is that all the 
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pens in the pack were sampled as versus one pen from a given pack for the discrimination 

study; at any rate, the four pens in this pack were all treated in the same manner to ensure 

accurate comparisons between pens in a single pack. 

4.3.3.5   Matrix-Matched Standard Preparation 

Matrix-matched standards are a crucial aspect to any quantification approach 

involving the analysis by LA-ICP-MS. And, given that a standard with detectable 

concentrations of the elements of interest is non-existent for this type of matrix (ink), it 

was sought after to produce one. The first approach involved finding a water-soluble ink 

which would provide the solubility (and matrix-acceptance) necessary for the addition of 

existing certified aqueous metal/inorganic standards (typically dissolved in 2-5% HNO3). 

The one selected because of this requirement, and its commercial availability, was 

Montblanc fountain ink (Bethlehem, MA), which is typically used for pen refills, 

calligraphy, etc. General solubility tests were performed to ensure that side reactions 

and/or precipitation did not occur upon the addition of dilute HNO3 solutions; there was 

no evidence of this. The second step in production of this matrix-matched standard was to 

determine what elements and the concentrations already existing in the matrix. Two 

methods were used to determine the elemental content (1) standard addition followed by 

dissolution ICP-MS and (2) standard addition followed by LA-ICP-MS. The first part 

was performed by two of my fellow group members, Yaribey Rodriguez and Tatiana 

Trejos, who have taken over the ink project where my work has left off. I performed the 

analysis for part two of this study (standard addition analysis and determination by LA-

ICP-MS). 
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4.3.3.5.1   Digestion Methodology 

Several attempts were made to obtain an optimum digestion methodology, 

including different combinations and varying concentrations of different acids (HNO3, 

HCl, H2SO4) and hydrogen peroxide (H2O2). Open vessel digestion was preferred and 

therefore utilized because of the numerous complications associated with the microwave 

digestion assembly at FIU, including faulty equipment/problems with digestions vessels 

(thus incomplete digestion), sample carryover, and the low amount of sample that can be 

digested per analysis/interval (13, which includes blanks and other QC samples versus 54 

samples/digestion for open vessel). The best overall approach was determined by a 

couple of factors: (1) complete digestion of the ink with no observable precipitation upon 

re-constitution, (2) analyte recoveries, based on spiked amounts into the ink/solvent, and, 

of course (3) safety and health-related conditions. 

Approximately 0.1g (or 100mg) was weighed into a 68mL plastic (polypropylene) 

digestion vessel (Environmental Express, Mt. Pleasant, SC) using an analytical balance. 

For the samples designed to determine analyte recoveries, 10, 25, 50, 75, and 100ppb 

(final concentration after reconstitution) of the standards were added to the measured ink 

samples. Whether or not the sample was spiked, two milliliters of a 1:1 Optima Grade 

HNO3(Fisher Scientific, Boston, MA): high purity water solution was added, followed by 

covering the vessel with a polypropylene reflux cap (Environmental Express) and heating 

on a hot block (Environmental Express) at 100°C for 20 minutes. The vessels were then 

removed from the heating device and allowed to cool down, once at room temperature 

2mL concentrated HNO3 was added followed by a 30 minute refluxing time period at 

100°C on the hot block. The samples were checked and heating continued for up to an 
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additional 30 minutes avoiding complete sample dryness. Again, the samples were 

removed from the heating element and allowed to equilibrate to room temperature, at 

which point 1mL of 30% Optima Grade H2O2 (Fisher Scientific, Boston, MA) was 

slowly added to the sample vessel. The exothermic reaction of the acid and peroxide was 

allowed to culminate at room temperature (~5 minutes), after which an additional 1mL of 

H2O2 was added, followed by heating to dryness overnight. The digests were then re-

constituted by the addition of 10mL 0.8M (or 5%) HNO3, sonication for 15 minutes, and 

finally filtered with a membrane syringe-like filter (Environmental Express), up to a 

volume of 10.00mL in a volumetric flask. Three replicates of each of the respective 

standards were digested (0, 10, 25, 50 and 100ppb) as well as three replicates of the 

reagent blank (utilized for blank subtraction). 

4.3.3.5.2   Standard Addition Study by Dissolution ICP-MS 

For the standard addition experiments, Al, Mn, Fe, Ni, Cu, Sr, Ba and Pb 

standards were spiked into 0.1g ink to achieve final concentrations of 0, 25, 50, 75, and 

100ppb after the reconstitution step outlined in the previous section (digestion 

methodology). An internal standard (Sc) at a final concentration of 50ppb was added as 

well. Both the spiked ink samples, the reagent blanks, and the standard addition samples 

were then analyzed via dissolution ICP-MS. The digested ink samples were analyzed 

using an external calibration curve (points on the calibration curve included: 0, 10, 25, 

50, and 100ppb). Calibration curves were performed in Microsoft Excel by plotting 

concentration versus intensity. The unknown elemental concentration of the ink was then 

tabulated via linear regression statistics and the ICP-MS intensities obtained for the 
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digested ink samples. The standard addition samples were analyzed (in Excel) by 

graphically correlating the added element concentrations to the respective signal (or 

intensity) for each standard addition sample. By using the linear regression statistics 

obtained by the correlation plots and simply extrapolating back to zero intensity (setting y 

equal to 0), the respective elemental concentrations in the ink were calculated (by solving 

for x).  

4.3.3.5.3   Standard Addition Study by LA-ICP-MS 

For comparison purposes, a standard addition experiment was also prepared and 

analyzed for LA-ICP-MS. Being a solid sampling technique, many alterations had to be 

made including the amount of ink and concentration of standards added in addition to a 

method for application of the ink (spiked and non-spiked) to the substrate. The substrate 

in this experiment (paper source) was Whatman Grade 42 filter paper. Table 18 outlines 

the procedure followed for the creation of the ink standard addition experiment to be 

analyzed by LA-ICP-MS; the ink standards (S0 through S5) below were prepared in 

polypropylene 2mL sample vials. 

Table 18. Sample preparation quantities used for the standard addition experiment, LA-

ICP-MS. 

 

S 0 S 1 S 2 S 3 S 4 S 5

ink  amount (µL ) 400 400 400 400 400 400

s tandard conc .(ppm) 0 10 25 50 75 100
amount s tandard (µL ) 0 50 50 50 50 50

amount IS  (10ppm  S c ) 50 50 50 50 50 50

amount HNO3 (µL ) 50 0 0 0 0 0

final conc .(ppm) 0 1.0 2.5 5.0 7.5 10.0
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paper source. Whatman 542 filter paper had the lowest overall background signal with 

Whatman 42 being a close second. These two paper sources were used in the collected 

gel ink pen studies (Whatman 542) and the discrimination of the samples provided by the 

United States Secret Service (Whatman 42). 

Table 19. Paper source rankings used to determine the lowest background signal 

attributed to the substrate (qualitative analysis of paper). 

paper source sumrank
RANK

I 29 1
H 32 2
G 37 3
F 56 4
A 91 5
E 99 6
C 105 7
B 111 8
D 115 9  

The following plots (Figure 23 and Figure 24) help to demonstrate the superior 

performance or low background levels attributed to the Whatman filter paper sources, 

especially for grades 42 and 542. In several cases, when the gas blank was subtracted 

from the integrated signal there was zero reported intensity which means these elements 

are not present in the associated paper sources or, more likely, that for this instrument the 

amount of certain elements in the paper are below detection limits. The plots demonstrate 

the large elemental content (in terms of intensity) for paper sources that would be likely 

encountered in forensic document examinations. The elemental composition stemming 

from the paper is crucial (and must be taken into account) when interpreting the 

elemental content for an ink applied to the paper. Namely, it is necessary to establish that 

a given elemental concentration came from the ink or the ink plus the paper, with the 

latter scenario being most probable. Additionally, if the background (paper substrate) 
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signal was extremely high (or high in general) for a particular element, then small 

concentrations of that element in the ink may not be distinguished from the paper source 

itself. For example, in Figure 23 the Mg signal coming from the paper (~3 x 106 to 13 x 

106 counts) could mask any Mg signal attributed to an ink if it was applied to that 

particular paper source. Other elements that may fall within this category (at least for the 

paper sources included in this study) are Al, Ba and Sr. The potential lack of 

discrimination (ink from paper) may pose a problem when drawing associations or 

discriminating ink samples (or documents), especially when two different paper sources 

are utilized. The problem is less likely to occur for elements such as Cu, Ni, Co and Pb 

where relatively low background signals in the paper were observed.  
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Figure 23. Average Mg integrated signal for different paper sources. Source descriptions 

for A-I can be found in Table 16.  
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Figure 24. Average Cu integrated signal for different paper sources. Source descriptions 

for A-I can be found in Table 16. 

One paper source (Office Max Copy paper or source B in Table 16) was analyzed 

for sample homogeneity/heterogeneity where 10 sample replicates were analyzed under 

the same conditions at different points across the 10mm x 10mm segment cut from a 

single page. The graph in Figure 25 shows that even in this small section of paper (which 

only represents approximately 0.2% of the entire sheet) there is a considerable difference 

from one region to another. Therefore a general everyday paper source (multi-use, copy, 

etc.) can be assumed to exhibit a high degree of sample heterogeneity (~30% RSD or 

more) and this should be considered when performing document examinations (including 

ink analyses) by LA-ICP-MS. Nonetheless, the analysis was only performed for one 

paper source, further studies should be conducted to establish sample heterogeneity for 

whole sheets of paper and different pieces within a ream of paper, both of which would 

be expected to display an even greater amount of heterogeneity. The types of filter paper 

used in the studies outlined did not exhibit the heterogeneity issues encountered and 

observed with general or everyday type sources. 
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Figure 25. Signal distribution of Mg, Al and Sr for 10 sample replicates ablated from a 

10mm x 10mm area of Office Max Copy paper. 

 4.4.3   Discrimination Study: USSS Sample Set 

As previously stated, the number of samples sent to FIU for analysis by the 

United States Secret Service included 45 samples and at the time of writing this 

dissertation the source of origin of those samples was unknown. Three replicates of each 

sample were analyzed qualitatively by LA-ICP-MS where the integrated intensities (via 

integration of each time resolved spectra) were utilized to make sample pairwise 

comparisons. Using the equation, the number of possible pairs equals N(N-1)/2, where N 

represents the number of samples. In this case N=45, therefore the total number of 

possible comparisons is 990. 

Using the statistical analysis approach outlined earlier (ANOVA with Tukey’s 

post hoc test at the 95% confidence interval), the number of indistinguishable pairs found 

for this sample set was 225 (or 77.3% discrimination) using a combination of 14 

elements. The discrimination results per element can be found Table 20, which lists the 

elements in order of percent discrimination (greatest to lowest discrimination power).  
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Table 20. Percent discrimination by element for the USSS sample set. 

 

element #  indist.pairs % discrimination
K 538 45.7
Sr 691 30.2
Cu 718 27.5
Mg 736 25.7
Fe 776 21.6
Co 838 15.4
Ni 860 13.1
B a 861 13.0
Ti 864 12.7

Sn 867 12.4
Al 903 8.8
Pb 904 8.7
Mn 946 4.4
Cr 947 4.3

combined 225 77.3

A t-test (at the 95% confidence interval) was applied to those 225 pairs found 

indistinguishable by ANOVA which reduced the number of indistinguishable pairs down 

to 44 (or 95.6% discrimination). The 44 indistinguishable pairs after the combination of 

ANOVA and t-test can be found in Table 21. As stated previously, this was a blind study 

and the sample origins were unknown until the writing of this dissertation. At any rate, 

according to the United States Secret Service there were five sources which shared 

common origin and theoretically should share similar elemental profiles, these five pairs 

include: 13:41, 17:42, 21:43, 29:44, and 37:45. Of these five pairs, only one of the pairs 

was determined to be indistinguishable by LA-ICP-MS, sample 17 and 42, which leaves 

four pairs that came from the same pen that were differentiated by LA-ICP-MS. This 

equates to a 0.4% false exclusion (or Type I error) rate. The 39 remaining pairs that were 

determined to be indistinguishable by LA-ICP-MS then equate to a maximum false 

inclusion (or Type II error) rate of 3.9%. Although it must be stated that according to the 

United States Secret Service, the formulation for these particular ink samples was not 

available (or unknown) at the time of application, meaning that some of the associated 
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pairs could have originated from pens from the same pack or pens from the same 

manufacturer or production plant.  

Table 21. USSS samples found indistinguishable by LA-ICP-MS.  

sample ID indistinguishable with…
6 9, 10, 16, 18, 29, 32
7 32
8 17
9 16, 17, 18, 27
10 16, 18, 29
16 18, 29
17 18, 27, 29, 33, 42, 44, 45
18 29
24 36, 39
27 36
29 36, 42
33 36, 42
34 39
35 36
36 37, 38, 42, 44, 45
39 44, 45
42 44, 45
44 45  

However in the case that the false inclusion rate is indeed accurate (though given 

the samples and the fact that qualitative analysis was performed without an internal 

standard, this error rate is very low), it is important to point out two possible reasons for 

the potential lack of discrimination power associated with this study. For the most part, 

the precision was not stellar but it was considered acceptable (many %RSDs were 

between 25-15% or even less in some cases) depending on the sample, the element or 

both. Acceptable precision for this matrix and application (in this author’s opinion) is 

anything lower than 15% RSD considering the heterogeneity issues expected and 

encountered for these samples. For example, some of the heterogeneity issues could have 

been avoided if a more controlled approach by which these ink samples were applied was 

followed, avoidance of ink lines being drawn on top of ink lines would have helped as 

would reducing the possibility of cross-over contamination upon application and during 
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sample storage. Additionally, some of the provided samples had a greater degree of 

heterogeneity, such as the inks with glitter; although that fact itself probably increased the 

discrimination. Another factor that may have influenced the higher % RSDs was that for 

some elements (in some samples) the limits of detection were being approached. Overall, 

precision and sample variation (from one sample to the next) are correlated with respect 

to discrimination, so even if the precision was less than 5% RSD and a great degree of 

sample variance was not present, then it would be difficult (or in some cases impossible) 

to discriminate those samples. In other words, the more similar in elemental composition 

two samples are, the greater the precision needs to be in order to differentiate the 

samples. At any rate, a few illustrations of the precision across the USSS sample set are 

presented here (see Figure 26 and Figure 27). 
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Figure 26. Precision values for Sr across the USSS gel ink sample set. 
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Precision, Cu
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Figure 27. Precision values for Cu across the USSS gel ink sample set. 

The following graph (see Figure 28) shows the compositional variations in 

elemental composition across the USSS sample set using just 5 of the elements used for 

discrimination (the others were excluded for appearance purposes only). The plot shows 

that for the elements selected, many samples have similar element profiles, especially 

when considering the deviation from the elemental means where there is even more 

overlapping regions. The correlation of precision and compositional variation is even 

more pronounced by looking at one element, for example the distribution of Cu (see 

Figure 29), despite having excellent precision (sample IDs USSS.27-33) the lack of 

variation in the composition of Cu (~50000cps) in those samples prevents discrimination. 

Nonetheless, there are some samples that have a very different profile than the others in 

this set with respect to Cu (i.e. USSS.21, 22, and 43), which allows some differentiation 

and this was observed for other elements as well. Therefore, discrimination between the 

samples in this set was difficult for many reasons, as described previously. , however 

again the source of origin is yet unknown and the associated (or match) samples may 

indeed be from the same source. 
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Figure 28. Elemental profiles/distributions (five elements) for the USSS sample set. 
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Figure 29. Mean element intensities of Cu (± standard deviations), USSS sample set. 

4.4.4   Discrimination Study: Collected Gel Pen Set 

Twenty-four samples comprised the set of black gel ink samples collected and 

analyzed under a more controlled environment, as detailed in the sample preparation 

section. Following the N(N-1)/2 rule, the total number of possible pairwise comparisons 

is 276. Three replicates of each sample were analyzed. The precision for most samples 

(and elements) was typically between 5-20% RSD, in some cases less than 5% RSD was 

obtained. A few examples of the precision obtained for this sample set can be found in 

Figure 30 and Figure 31.  
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Figure 30. Precision values for Sr intensities across the collected gel pen set. 

 

Figure 31. Precision values for Pb intensities across the collected gel pen set. 

As with the other discrimination study, the data analysis format followed was the 

same (the utility of ANOVA with Tukey’s post hoc test). Pairwise comparison analysis 

yielded only eight indistinguishable pairs (or 97.1% discrimination) using a combination 

of 14 different elements and their respective integrated intensities. A summary of the 

number of indistinguishable pairs (and the associated percent discrimination) per element 

can be found in Table 22. Following ANOVA, the eight indistinguishable pairs were 

subjected to a t-test, which reduced the number of indistinguishable pairs from eight to 

only two. Therefore, a combination of ANOVA and t-test yielded 99.7% discrimination 

power for this study. 
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Table 22. Percent discrimination by element for the collected gel ink pen set. 

 

The origins of the 2 indistinguishable pairs found in this discrimination study are 

listed in the table Table 23. As one can see, these two indistinguishable pairs exhibit a 

valid explanation as to why similar elemental profiles were found. In each case, the 

paired ink pens originated from the same source (manufacturer: Uni-Ball). Interestingly, 

the associated sources were the from the same model, B-006 and B-011 were Uni-Ball 

Signo 207 pens while B-017 and B-020 were Uni-Ball Signo Gel RT pens. These pens 

were expected to be indistinguishable considering that the same origin was shared, and 

furthermore since B-017 was collected from Florida and B-020 was collected from 

Missouri, it is suspected that the pen packs were manufactured in the same plant (or area 

of the plant) at about the same time.  

Table 23. Description of the indistinguishable pairs found by LA-ICP-MS, collected gel 

ink pen set. 

 

pair # sample ID brand model
1 B-006 Uni-Ball Signo 207

B-011 Uni-Ball Signo 207
2 B-017 Uni-Ball Signo Gel RT

B-020 Uni-Ball Signo Gel RT

element # indist.pairs % discrimin.
Sr 92 66.7
Mg 112 59.4
Pb 115 58.3
Mn 189 31.5
Cu 190 31.2
Co 207 25.0
Fe 212 23.2

K 223 19.2
Al 232 15.9
Ni 232 15.9
Ba 252 8.7
Sn 253 8.3
Ti 254 8.0
Cr 276 0.0

combined 8 97.1
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The similarity in the elemental profiles for the indistinguishable pairs can be 

visualized in the graph below (Figure 32) which is a plot of sample ID versus collective 

mean intensities (plotted as a percentage in comparison to the amount of elements used). 

Only five of the elements (five of the more discriminating elements) were chosen for this 

type of plot so that differences by element between samples can be seen.  
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Figure 32. Elemental profiles/distributions (six elements) for the colected gel pen set. 

4.4.5   Within Pen Variation Study 

As stated in the sample description section, one pen (B-001, Gel Writer Rx) was 

analyzed by LA-ICP-MS at different ink levels (100, 75, 50, 25, 10, and 0% by 

approximation) to determine if a given pen has the same elemental composition 

throughout the cartridge. The results show with the exception of when the pen was first 

utilized (100% ink level), the usage intervals were found indistinguishable by ANOVA, 

meaning that the elemental composition is homogeneous throughout the different stages 

of use. There are many reasons why that particular interval (100% ink level or 0% use) 

was found different (or discriminating) from the rest of the usage intervals. The first 

being that for this pen there was a small sealant (glue) affixed to the tip (presumed to 
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prevent leakage prior to use), which could have caused some contamination at initial use 

of the pen. Also, given that it was the first use of the pen tip (which is metal in content), 

the elemental composition coming from the tip itself may be the culprit for the increased 

signal. Once the pen had been used the observed spike in elemental content was removed 

or neutralized. The figures [Figure 33(a) and 33(b)] below illustrate these results 

graphically, it is important to note that the observed trend was consistent across all 

elements (in this case only two examples are shown). 

Least Squares Means Least Squares Means

      

Figures 33(a) and 33(b). ANOVA results for Al and Fe, respectively, for the within pen 

variation study. X-axis represents the amount of ink remaining in the ink cartridge (0, 10, 

25, 50, 75 and 100%). Y-axis represents the mean element intensities (with the associated 

standard deviations). 
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4.4.6   Within Pack Variation Study 

The homogeneity (or heterogeneity) across a pack of pens (pen source B-015, 

Staples Sonix Gel) was studied, in this case there were four pens analyzed by LA-ICP-

MS at the same point of usage (see the sample description/preparation section). The 

results (ANOVA) show that each of the pens was indistinguishable from the others in the 

same pack, meaning that the elemental composition across a pack of pens is the same (at 

the 95% confidence interval). Along with the within sample variance study, this study is 

significant from a forensic standpoint because it shows that for at least this pack (4 pens) 

there is no difference in elemental content. It can then be assumed that pens from the 

same manufacturer and lot number are indeed similar in elemental composition, which 

helps to describe why two pens (one unknown source and one known ink source) are a 

possible match and more importantly the significance of that match. Figure 34 helps to 

illustrate the mentioned results; the plot shows the overlapping intensities for the four 

pens originating from the same pack.  
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Figure 34. Sample statistics, plot of mean intensities (± standard deviations) for pens in 

the same pack. 
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4.4.7   Ink Matrix Matched Standard Preparation 

4.4.7.1   Element Distribution 

As seen in Figures 35(a) and 35(b) when a single 50µL drop was applied to each 

of the substrates (filter paper and copy paper) the appearance of the ink was drastically 

different. The photos and the actual ink applications in this experiment were performed 

by Tatiana Trejos. A more uniform ink drop (in terms of appearance) was observed for 

the 50µL drop on filter paper in comparison to the ink drop application to copy paper.  

                      

Figures 35(a) and 35(b). A 50µL drop of Montblanc fountain pen ink on Whatman 42 

filter paper (a) and Office Max Copy paper (b).  

For the filter paper sample, the elemental distribution contained within the ink 

drop was non-uniform across the entire drop, with higher element intensities generated 

towards the edges (or where the ink stopped distributing). Figure 36 shows a time resolve 

spectra created by LA-ICP-MS which demonstrates the elemental distribution across the 

entire drop (a cross section of the ink drop was sampled/analyzed). The experiment 

shown in this figure was part of the original laser energy studies mentioned earlier in this 

work where La at a concentration of 5ppm in the ink was added to filter paper spiked 

with 20ppm Rh. The intensities of the internal standard in the paper (Rh) are greater at 
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the edges of the ink drop. One explanation for this is that when the ink was added to the 

filter paper spiked with Rh, the ink acted as a solvent and then extracted/carried some of 

the Rh concentration at point of impact to the edge where the ink ceased. In other words, 

as the ink distributed across the filter paper (via capillary action) greater concentrations 

of Rh subsided when the ink subsided. There was also an observable difference between 

the two paper sources with regard to the amount of ink absorbed, though the actual 

amount absorbed was not determined. The filter paper absorbed more ink (exhibiting 

surface and subsurface characteristics) whereas when was applied to the copy paper, the 

fountain ink remained mostly on the surface (with minimal absorption into the paper 

substrate). 
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Figure 36. Elemental signal cross section of an ink drop (spiked with 10ppm La) applied 

to Whatman 42 filter paper (spiked with 20ppm Rh). 
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Ink distribution or potential solubility of components of the paper into the applied 

ink, which is acting as a solvent, should be considered in future experiments where 

standards are applied for quantification purposes. It is important to point out that the 

attributed elemental content stemming from the paper (in this particular case) was even 

less distinguishable from the elemental content of the ink, which is a verification of this 

joined marriage between an ink source and the paper it has been applied to. In other 

words, paper is very important to ink analysis by LA-ICP-MS and must be given proper 

attention when characterizing ink samples.  

4.4.7.2   Standard Addition Studies  

The mean analyte recoveries (N = 15) following digestion were as follows: Mn 

(113%), Fe (110%), Ni (107%), Al (72%), Cu (97%), Sr (107%), Ba (111%), and Pb 

(97%). For dissolution and laser ablation ICP-MS, the linear regression statistics (R2 

value) for the plots were within the 0.98 – 1.00 range for all the elements used in the 

study. An example of two standard addition plots for copper generated by the dissolution 

and laser ablation data sets, respectively, can be found in Figure 37 and Figure 38.  
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Figure 37. Standard addition plot, Cu, dissolution ICP-MS. 
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Standard Addition, LA, Cu
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Figure 38. Standard addition plot, Cu, LA-ICP-MS. 

The equation for the generated line (and the regression statistics provided by 

Excel) were then utilized to determine the concentration (x) [and the statistical standard 

deviation] of each element in the fountain ink by setting y (intensity in the case of LA-

ICP-MS and intensity/Sc intensity for dissolution ICP-MS) equal to zero. The resulting 

concentrations (cx) and standard deviations (sc) were tabulated via the equations shown 

below: 

      mbc x       equation (3)               










 b

s
m

scs bm

x
c        equation (4) 

The results of these experiments are summarized in Table 24 following this 

paragraph, which demonstrates that the dissolution method and the LA-ICP-MS methods 

for determining the concentrations of these elements in the fountain pen ink were in 

agreement. Less precision for LA-ICP-MS was obtained as versus dissolution ICP-MS, 

which is a product of the low amount of ink sampled per laser sampling interval, 

estimated to be 0.8 to 8.0 picograms for the range of concentrations in the standard 

addition experiment. The estimated mass removal is based on the assumption that the 

entire mass of a given element was removed from the sampled (ablated) spiked ink line 
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and that the elemental composition was uniform across the drop. Recall that for the 

dissolution experiment the amount of ink originally digested was in the milligram range; 

this amount of mass is several orders of magnitude higher than the mass of ink sampled 

by laser ablation. Given that less mass is entering the ICP-MS with the laser ablation 

experiment, higher concentrations are often necessary (or higher detection limits are 

observed) for laser ablation ICP-MS in comparison to dissolution ICP-MS for some 

applications. The reported results (in terms of the elemental composition of the ink) are in 

agreement for both analytical approaches (dissolution and LA-ICP-MS) meaning the ink 

has been characterized by one method and verified by the other. Therefore, the 

development, preparation, and utilization of a matrix-matched ink standard of known 

elemental composition (using this fountain pen ink as the model matrix) looks promising 

for ink analyses by LA-ICP-MS. 

Table 24. Comparison of standard addition results per element for Montblanc fountain 

pen ink, LA-ICP-MS versus dissolution ICP-MS. 

 

 

 

198 ± 26174 ± 61Pb

379 ± 6322 ± 84Ba

329 ± 16286 ± 63Sr

1230 ± 64964 ± 386Cu

250 ± 14279 ± 40Ni

3677 ± 1253582 ± 931Fe

1388 ± 561176 ± 353Mn

2330 ± 3001892 ± 492Al

Conc. of ink (ppb) 
Dissolution

Conc. of ink (ppb) 
Laser Ablation

Element

198 ± 26174 ± 61Pb

379 ± 6322 ± 84Ba

329 ± 16286 ± 63Sr

1230 ± 64964 ± 386Cu

250 ± 14279 ± 40Ni

3677 ± 1253582 ± 931Fe

1388 ± 561176 ± 353Mn

2330 ± 3001892 ± 492Al

Conc. of ink (ppb) 
Laser Ablation

Conc. of ink (ppb) 
Dissolution

Element
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4.5   Conclusions and Future Considerations 

The results demonstrate that a method for the elemental analysis of gel inks on 

paper has been developed, optimized, and tested. Homogeneity studies show insignificant 

variation in elemental compositions within a single pen, with the exception of the first ink 

markings made with a pen (~100% ink remaining). In addition, it has been demonstrated 

that there are also insignificant differences in the elemental composition across a pack of 

gel ink pens (in the analyzed set, four pens were found indistinguishable). Two 

discrimination studies were performed, which demonstrated that there are significant 

differences in the elemental compositions between samples originating from different 

sources. In one study, 45 indistinguishable pairs were found out of 990 possible 

comparisons, which accounts for approximately 95% discrimination. In the second 

discrimination study, only 2 pairs were found indistinguishable out of a possible 276 

comparisons (or ~99% discrimination); these two indistinguishable pairs originated from 

the same source and thus had an explanation as to why similar elemental profiles were 

observed. In addition, a water soluble fountain ink matrix (to be later used as a matrix-

matched standard for quantitative analysis) was characterized by both dissolution ICP-

MS and laser ablation ICP-MS and the results were in agreement. Therefore, preliminary 

data shows that the development of a matrix-matched standard for quantitative ink 

analysis by LA-ICP-MS looks promising.  

Future direction of this work includes the movement towards quantitative analysis 

by LA-ICP-MS, which includes further characterization of the ink substrate and then 

potential addition of detectable quantities to mimic concentrations found in typical gel 

ink samples. Use of an internal standard (added to an existing ink marking) should also 
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be explored to help increase accurate determinations and precision values between 

sample replicates. In addition, once the matrix-matched standard has been developed, 

method detection limits should be determined. Further studies related to the elemental 

effects of typical paper sources, such as copy or multi-use paper, and accurate ink 

determinations are also needed, as is a more in depth paper study (possibly even 

discrimination studies of multiple paper sources, within paper source studies, etc.). 

Additional ink population studies are also necessary to validate the developed LA-ICP-

MS method found in this dissertation, which should include within plant studies (or 

within ink lot studies) and a study designed to determine the degree of variation of ink 

formulations over time. The applied techniques can also be extended and used to analyze 

other classes of ink, including markers, ink jet ink, copier toner, among others in order to 

help differentiate or associate a questioned document back to its source. 

5 CONCLUSION 

 The work presented in this dissertation has outlined results that will certainly help 

the forensic community with respect to both glass and ink analyses. In the first part of the 

research, nanosecond LA-ICP-MS was proven to offer similar figures of merit for the 

forensic analysis of glass (in terms of accuracy, precision and discrimination power) 

when compared to femtosecond LA-ICP-MS, which was hypothetically expected to 

outperform nanosecond LA-ICP-MS. It was also shown that an internal standard was 

necessary in order to obtain accurate and precise results for both methods, meaning that 

internal and matrix matched standardization are important to ensure optimum quantitative 

analyses by LA-ICP-MS, whether the laser be a nanosecond source or a femtosecond 
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source. The observed comparable results by nanosecond and femtosecond LA-ICP-MS is 

attributed to the utilization of quantification from a glass matrix-matched standard, which 

is readily available to the scientific community. In cases where a matrix-matched 

standard is not available (and in some cases a good internal standard is not available), 

femtosecond LA-ICP-MS could provide improved results (in terms of precision and 

discrimination potential) over nanosecond LA-ICP-MS analyses for the same matrix.  

 Laser induced breakdown spectroscopy (LIBS) was introduced for the analysis of 

glass, which was shown to provide similar discrimination potential (>99% 

discrimination) for an automotive glass sample set of forensic interest when compared to 

two of the leading techniques in elemental analysis, XRF and LA-ICP-MS. A strict 

protocol for data evaluation of LIBS spectra was evaluated and then followed to 

minimize Type I (false exclusion) errors and eliminate Type II (false inclusion) errors, 

which ultimately addresses the concerns outlined by the National Research Council’s 

report on forensic analyses, as mentioned and detailed in the introduction to this 

dissertation. Overall, a method using LIBS has been developed, optimized, and validated 

for the forensic analysis of float glass, which due to its low cost, reduced complexity 

(user friendliness), faster analysis time, and capability of being a portable technique, 

makes LIBS a viable alternative to XRF and LA-ICP-MS for the elemental analysis of 

glass. 

 Finally, a LA-ICP-MS method has been developed for the trace elemental 

analysis of gel inks, a matrix that currently could not be analyzed (and samples 

differentiated) by chromatographic techniques routinely used in forensic document 

examination laboratories. Qualitative analysis was used to obtain 95.6% discrimination 
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for a blind black gel ink sample set (consisting of 45 black gel ink samples) provided by 

the United States Secret Service. It was found that for this sample set, a 0.4% false 

exclusion (Type I) error rate and a 3.9% false inclusion (Type II) error rate was obtained, 

which considering that qualitative analysis generated such results and also given the 

issues regarding the application of these inks, these results are remarkable. A second gel 

ink sample set was collected representing several manufacturers and different models 

within those manufacturers, for this set total of 24 black gel ink pens were analyzed 

qualitatively by LA-ICP-MS and 99% discrimination potential was achieved. The two 

pairs found indistinguishable by LA-ICP-MS originated from the same source and thus 

retained explanation as to why similar elemental profiles were observed. In addition, it 

was found that ink from the same pen at different ink levels (75, 50, 25, 10, and 0%) was 

indistinguishable with the only exception (and hence discrimination from the other 

analyses) being the analysis at the very first application of the pen (100% ink level or 0% 

usage). A same pen pack variation study was also conducted on a pack of four pens, and 

it was determined that four pens originating from the same pack were indistinguishable. 

 The original hypothesis that femtosecond LA-ICP-MS was not (or less) matrix-

matched dependent was not supported, instead it was found that improved results were 

obtained when a matrix-matched standard in combination with an internal standard was 

used. With respect to the LIBS studies on glass discrimination, LIBS was shown to 

provide comparable or better discrimination power for glass samples when compared to 

µXRF and LA-ICP-MS, therefore the original hypothesis was supported. Finally, the use 

of LA-ICP-MS was successfully applied for the analysis and comparison of gel ink 

sources and therefore the original hypothesis was fully supported. 
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Abstract 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), 

micro X-ray fluorescence spectroscopy (μXRF), and laser induced breakdown 

spectroscopy (LIBS) are compared in terms of discrimination power for a glass sample 

set consisting of 41 fragments. Excellent discrimination results (> 99 % discrimination) 

were obtained for each of the methods. In addition, all three analytical methods produced 

very similar discrimination results in terms of the number of pairs found to be 

indistinguishable. The small number of indistinguishable pairs that were identified all 

originated from the same vehicle. The results also show a strong correlation between the 

data generated from the use of µXRF and LA-ICP-MS, when comparing µXRF strontium 

intensities to LA-ICP-MS strontium concentrations. A 266nm laser was utilized for all 

LIBS analyses, which provided excellent precision (< 10 % RSD for all elements and < 

10 % RSD for all ratios, N=5).  The paper also presents a thorough data analysis review 

for forensic glass examinations by LIBS and suggests several element ratios that provide 

accurate discrimination results related to the LIBS system used for this study. Different 

combinations of 10 ratios were used for discrimination, all of which assisted with 

eliminating Type I errors (false exclusions) and reducing Type II errors (false inclusions). 

The results demonstrate that the LIBS experimental setup described, when combined with 

a comprehensive data analysis protocol, provides comparable discrimination when 

compared to LA-ICP-MS and μXRF for the application of forensic glass examinations. 

Given the many advantages that LIBS offers, most notably reduced complexity and 

reduced cost of the instrumentation, LIBS is a viable alternative to LA-ICP-MS and 

μXRF for use in the forensic laboratory.  
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1. Introduction 

The evidential value of forensic glass analysis has increased over the past decade 

with the utilization of elemental analysis techniques, such as SEM-EDS, μXRF, ICP-MS, 

LA-ICP-MS, and more recently LIBS. The rise of elemental profiling for glass fragments 

collected at a crime scene is primarily due to the lack of discrimination power associated 

with refractive index measurements, which is the method typically employed by forensic 

laboratories for glass examinations [1]. Since glass manufacturers target a given 

refractive index to ensure optimum physical and optical properties, there exists only a 

very small degree of variation in glasses produced by the same manufacturer over time 

and glasses produced by different manufacturers, this is especially the case with float 

glass (i.e. automotive and architectural glass) [1]. Therefore, the forensic examiner must 

often utilize a complimentary technique in order to draw a valid association (or 

discrimination) between a glass fragment collected at a crime scene and its suspected 

source or origin.  

This paper compares two of the leading techniques in forensic trace elemental 

analysis, μXRF and LA-ICP-MS, to a less mature method, LIBS, for the analysis of 

automotive glass fragments collected from fourteen different vehicles in and around 

Miami, Florida, US. Each of these techniques requires little to no sample preparation and 

sample consumption is minimal; these attributes favor forensic analyses, where sample 

size is often an issue. The authors of this paper wish to primarily highlight the main 

advantages and disadvantages of the mentioned techniques in relation to forensic glass 

analysis, therefore bypassing the theory and background information behind such 

techniques. Nevertheless, an extensive review of the theory and application of these 
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techniques as applied to the analysis of glass can be found in a paper by Almirall and 

Trejos [2]. 

Many laboratories employ μXRF for the analysis of different materials of forensic 

interest, including glass; this method offers lower detection capability versus some 

methods, such as SEM-EDS, which equates into higher discrimination power. In 

addition, as mentioned previously μXRF is a non-destructive technique, which is an 

attractive feature for forensic analyses. Nevertheless, the technique has several drawbacks 

compared to the other competing techniques, such as increased sample analysis time 

(lower throughput), as well as sample orientation and size requirements. More 

specifically, the sample must contain a reasonably flat surface with a sampling area of at 

least 1mm2 and a thickness of at least 0.5mm for optimal analysis; unfortunately, these 

requirements cannot always be met with glass evidence. 

The figures of merit for LA-ICP-MS include excellent sensitivity, precision, and 

accuracy; in addition, the technique is almost non-destructive (μg of sample is removed), 

requires little if any sample preparation, and sample analysis is relatively fast. Due to its 

isotopic and multi-element capabilities, combined with the other figures of merit, LA-

ICP-MS offers excellent discrimination power. Plus, given that matrix-matched standard 

reference materials are readily available (i.e. NIST 600 series glasses), quantitative 

analysis can be performed on respective unknown glass fragments, which is arguably the 

most advantageous factor LA-ICP-MS offers over the competing elemental techniques. 

The only disadvantages of this technique are instrumental cost and complexity of 

operation. 
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Laser induced breakdown spectroscopy (LIBS) is a relatively new application for 

the forensic analysis of glass. This technique offers a very sensitive and rapid approach to 

elemental analysis and, like LA-ICP-MS, small sample sizes can be analyzed with good 

precision. The main disadvantage of this technique is related to the “infancy” of the 

method, wherein the overall analytical approach (including data analysis and instrumental 

optimization) must be studied in order to achieve comparable discrimination power. 

Despite this drawback, the instrumentation is fairly inexpensive (compared to the more 

mature μXRF and LA-ICP-MS techniques), is less complex to operate, has the capability 

for portability, and can generate large quantities of data over a short period of time (high 

sample throughput). An overall comparison of these three techniques can be found in 

Table 1. 

In recent publications by Bridge et al [3,4] the techniques of LA-ICP-MS and 

LIBS have been compared for the analysis of glass; however, the authors of this paper 

would like to point out several distinct differences in the approach reported by that group, 

as compared to the analytical approaches reported in this paper. With regard to the LIBS 

data, it was stated that the detector gate delay was varied depending on the sample 

matrix, between 2.0µs to 6.5µs [4]; this large variation in the delay ultimately affects the 

spectra generated such that different emission lines are present or absent (a dependence 

on plasma evolution characteristics). As a result, if samples are being compared for 

discrimination purposes, as they were in the referenced paper [4], it is absolutely 

necessary that all parameters remain constant in order to achieve the most accurate 

comparisons possible.  
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In relation to the LA-ICP-MS sections, the authors of this paper wish to reference 

several articles published by our group which depict a well established method for the 

analysis of glass, where excellent figures of merit were validated, such as accuracy, 

precision, and discrimination power [5-10]. With this in mind, the rastering technique 

(ablation mode/type) reported by Bridge et al has been proven by our group and others to 

provide less accuracy and precision for the analysis of glass when compared to single 

spot ablation [10,11]. Less accuracy and precision translates into an increased potential of 

committing Type I and II errors and hence incorrect discriminations or associations. 

More importantly, however, is that the LA-ICP-MS method developed and utilized by 

our group is based on quantitative analysis with use of an internal standard. Each sample 

is characterized based on the actual elemental composition and not intensities or ratios of 

intensities. The quantification approach with use of an internal standard has several 

advantages over using isotopic intensities. One advantage is that signal fluctuations are 

minimized and systematic errors are corrected for. In addition, there is less potential for 

inter-day and intra-day variation which translates into more accurate sample comparisons 

(discrimination). Additionally, a secondary source standard can be run daily to check 

instrumental and method performance. It is also important that one sample is selected and 

run twice to check the validity of the discrimination results; more specifically, the same 

sample (analyzed twice throughout a sequence) should be found indistinguishable from 

itself. These types of quality control measures are necessary, especially in the forensic 

community. 

The results outlined in this paper compare the discrimination results obtained 

utilizing μXRF, LA-ICP-MS, and LIBS, respectively, for an automotive glass sample set. 
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The research presented in this paper is a collaborative effort between Florida 

International University (Miami, FL) and the Florida Department of Law Enforcement 

(Orlando, FL). All LA-ICP-MS and LIBS analyses were performed at Florida 

International University while the μXRF data was accumulated by the Florida 

Department of Law Enforcement. To the authors knowledge this is the first publication 

comparing these three techniques for the forensic analysis of glass. 

2. Experimental 

2.1 Sample and standard descriptions 

The sample set of interest in this study is comprised of 41 different automotive 

glass fragments obtained from 14 different vehicles located in junkyards in and around 

Miami, FL. More specifically, the glass samples included 7 side window fragments, 6 

rear window fragments, and 28 windshield fragments (14 inside windshield and 14 

outside windshield samples) extracted from automotive vehicles spanning the years of 

1995 to 2005. The non-float surfaces of the respective glass samples were examined via 

each of the three respective analytical techniques. Standard reference materials NIST 612 

and NIST 1831 were utilized for optimization of each of the instrumental setups. In 

addition, NIST 612 was used as an external calibration source for quantification by LA-

ICP-MS. NIST 1831 was used as a calibration verification sample (second source check 

standard) for LA-ICP-MS analyses to ensure accurate and precise results. 
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2.2 Micro X-ray fluorescence (μXRF) 

An EDAX Eagle Micro X-Ray Fluorescence Spectrometer (Mahwah, NJ) 

equipped with a rhodium X-ray tube was utilized for this part of the study. The 

instrument was operated with a 40 kV excitation potential, a 17 μs time constant, and 40-

45 % dead time. Other instrumental parameters included a 300 μm diameter focusing 

capillary and 1200 s of live count time; the chamber was operated under low vacuum 

conditions. Five replicate analyses were performed on each fragment with a sampling 

target area defined by the 300 μm diameter X-ray spot. The element menu consisted of 

six elements (K, Ca, Ti, Fe, Sr, and Zr), which were subdivided into six element ratios 

(Ca/Fe, Sr/Zr, Ca/K, Fe/Zr, Fe/Sr, and Fe/Ti) to be used for sample comparisons. The 

intensities of the K alpha peaks corresponding to each of the respective elements were 

determined following background subtraction utilizing peak deconvolution and 

generation software. 

2.3 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

A New Wave Research UP213 Laser Ablation system (Fremont, CA) coupled to a 

Perkin Elmer ELAN 6100 DRC II ICP-MS (Waltham, MA) was used for all LA-ICP-MS 

analyses. The laser is a Nd:YAG (4 ns) Q-switched laser operating at 213 nm and 100 % 

energy (27.2 J/cm2 fluence). The repetition rate utilized for this part of the study was 10 

Hz and single spot ablation mode was used with a spot size of 55 μm. Helium with a flow 

rate of 0.9 L/min was the carrier gas into and from the ablation chamber, which then 

coupled to argon (1 L/min) prior to entering the ICP. The ICP-MS parameters included 

an RF power of 1500 W, a plasma gas (argon) flow rate of 16 L/min, an auxiliary (argon) 
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flow rate of 1 L/min, and a dwell time of 8.3 ms. Three replicates (pertaining to different 

sampling spots) for each sample were analyzed. The element menu included five 

isotopes: 49Ti, 85Rb, 88Sr, 90Zr, and 137Ba, with 29Si used as the internal standard. The 

quantification of each elemental concentration was calculated using Glitter software 

(Macquarie Ltd, Australia), where a single point calibration source (NIST 612) and the 

internal standard (29Si) were used to convert intensity (counts per second) via integration 

of time-resolved spectra into concentration (in ppm). The resulting elemental 

concentrations were then used to characterize the given samples and ultimately to 

associate and/or discriminate one fragment from another. This quantification approach 

has been described in more detail elsewhere [5-7]. 

2.4 Laser induced breakdown spectroscopy (LIBS) 

Experiments were conducted using a LIBS system constructed at FIU that was 

equipped with a New Wave Research Q-switched Nd:YAG Tempest laser (Fremont, CA) 

operating at 266 nm and a pulse width of 3-5 ns (full width half maximum). A 266 nm 

laser was chosen for this analysis due to an observed improved laser-to-sample coupling 

with glass (as compared to the more generally used 1064 nm irradiation for LIBS), which 

resulted in an increase in precision. A 3X beam expander was utilized to enlarge the 

beam diameter to approximately 11 mm; the laser beam was then focused perpendicularly 

to the sample using a plan-convex lens with a focal length (ƒ) of 150 mm. An energy of 

25 mJ per laser pulse and a spot size of approximately 190 μm remained constant 

throughout the analytical sequence and all LIBS analyses were conducted under 

atmospheric pressure in air. Light from the laser induced plasma was imaged from the 
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side (900) by a pair of plano-convex lenses (ƒ = 75 mm) into an optical fiber with a 

diameter of 50 µm. This  fiber was coupled to the entrance slit of an Andor Mechelle 

5000 spectrometer (South Windsor, CT) equipped with an Andor iStar intensified CCD, 

which converted the image into a spectrograph. The spectral range collected for each 

sample ranged from 200-950 nm with a resolution of ~5000.  The repetition rate for the 

spectrometer was set at 0.67 Hz such that the spectrometer would capture a complete set 

of data for each laser shot. Both the laser flashlamp and the Q-switch were externally 

controlled using a Berkeley Nucleonics’ Model 565 Delay Generator (San Rafael, CA). 

The emission lines were accumulated at a 1.2 µs delay upon plasma ignition, with an 

integration time of 3.5 µs. A schematic of the LIBS setup utilized for this part of the 

study can be found in Figure 1. 

Each sample replicate spectra was collected as a result of the accumulation of 50 

laser shots. After each spectrum was acquired, the sample was rotated to a new spot for a 

total of 5 spots/replicate analyses per sample.  

3. Results and discussion 

3.1 Discrimination study 

3.1.1 Micro X-ray fluorescence (μXRF) 

The µXRF discrimination results found 14 indistinguishable pairs (98.3 % 

discrimination) using a three-sigma criteria (three times the standard deviation), which is 

routinely used in casework by the Florida Department of Law Enforcement (FDLE). Of 

these pairs, only three originated from different vehicles; each of given pairs and these 
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were all discriminated by application of the t-test at the 95 % confidence interval. 

Therefore, application of the t-test at the 95 % confidence interval to the remaining 11 

pairs yielded 8 indistinguishable pairs out of a possible 820 comparisons (the number of 

possible pairs is equal to N(N-1)/2, where N is the number of samples). This combined 

approach demonstrated 99.0 % discrimination for μXRF, which is excellent 

discrimination power. All of the indistinguishable pairs have explanation as to why they 

exhibit similar elemental profiles, namely that each indistinguishable pair originated from 

the same vehicle and were likely produced by the same manufacturing plant at 

approximately the same. Seven of the 8 pairs found indistinguishable were attributed to 

samples from the same laminated windshield (inside and outside fragments originating 

from the same windshield), while the eighth indistinguishable pair represents side and 

rear window fragments that also originated from the same vehicle. The pairs found 

indistinguishable by this method are listed and described in Table 2 with the 

indistinguishable pairs found by μXRF are labeled by the superscript “a”.  

3.1.2 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

The data analysis utilized for the LA-ICP-MS results included a combination of 

pairwise comparison analysis using ANOVA and the General Linear Model (GLM) in 

Systat 11 (San Jose, CA) with Tukey’s honestly significant different test (HSD). To the 

pairs found indistinguishable by pairwise comparison analysis a t-test at the 95 % 

confidence interval was applied (via Microsoft Excel, Redmond, WA). A given pair 

found indistinguishable using the combination of the two data analysis strategies was 

ultimately determined indistinguishable, meaning the fragments have very similar 
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elemental profiles. A more thorough review of this data analysis approach can be found 

elsewhere [5,7]. Pairwise comparison analysis alone yielded 11 indistinguishable pairs 

(98.7 % discrimination); 6 of these pairs were discriminated by application of a t-test of 

which 3 pairs originated from different vehicles that were produced in different years. 

The other 3 pairs discriminated by t-test originated from the same vehicle. The reason 

why some glass fragments that originate from the same source can be discriminated is a 

result of sampling and/or precision across the entire pane of glass. If the precision of the 

measurement for a given fragment is smaller than the overall precision of the glass pane 

as a whole, it is possible that fragments obtained from the same source (i.e. inside and 

outside fragments from the same windshield) can be discriminated. Therefore, in forensic 

casework it is important that proper sampling techniques are followed to ensure that 

correct characterization of a glass source is achieved and that correct associations or 

discriminations are made. For LA-ICP-MS, combining pairwise comparison analysis and 

t-test, 5 indistinguishable pairs were found out of a possible 820 pairs (99.4 % 

discrimination). Remarkably, these 5 pairs were identical to 5 (of the 8) pairs found 

indistinguishable by µXRF. Despite LA-ICP-MS showing slightly better discrimination 

power than µXRF (0.4 % greater), the results are well correlated. The correlation 

between LA-ICP-MS and μXRF data for this sample set will be addressed later in this 

paper. The 5 indistinguishable pairs by LA-ICP-MS are summarized in Table 2 where the 

pairs marked with a superscript “b” represent the 5 indistinguishable pairs determined by 

LA-ICP-MS. The fact that both methods generated the same output, namely the same 

indistinguishable pairs, demonstrates the strength and validity of these two methods for 

forensic glass comparisons. Again, the indistinguishable pairs all had explanations as to 
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why they exhibited very similar elemental profiles. The top discriminating elements by 

LA-ICP-MS and the associated results per element can be found in Table 3. Take note 

that the top discriminating element is strontium, which overall has been consistently a top 

discriminator for the trace elemental analysis of float glass. As a result, strontium was 

chosen for the correlation studies, comparing LA-ICP-MS concentrations to μXRF and 

LIBS signal intensities. 

3.1.3 Laser induced breakdown spectroscopy (LIBS) 

3.1.3.1 Data analysis approach 

Twenty-two (22) peaks/emission lines were initially chosen for data analysis 

based on their presence across all 41 glass samples. The selected peaks represent 9 

different elements; Al, Ca, Fe, K, Mg, Na, Si, Sr, and Ti. Both intensities by peak heights 

and peak areas (via integration) were evaluated statistically (between sample replicates) 

and it was observed that peak areas provided greater precision when compared to using 

peak heights or intensities. Since precision is one of the important factors in 

discriminating samples, peak areas were utilized for further data reduction purposes. 

From the 22 peak areas detailed above, every possible peak ratio (element/element) was 

evaluated to determine which ratio resulted in the best discrimination out of the 231 

possible ratios [N(N-1)/2, where N is the number of peaks].  

Discrimination for each individual ratio was conducted on the 41 different glass 

fragments, in the sample set, using a t-test at the 95 % confidence interval to coincide 

with the 95 % confidence interval utilized for both LA-ICP-MS and µXRF. In addition, a 

42nd sample fragment was added as a quality control measure. This sample was the same 
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sample analyzed twice during the analytical sequence, once towards the middle of the run 

and again at the end. Thus, the sample duplicate was treated as an unknown throughout 

the entire analytical scheme. The results related to this same sample analysis were then 

used to eliminate ratios that provided a false exclusion (or Type I error), meaning that the 

same sample was discriminated. A total number of 85 ratios produced no false exclusions 

following this format.  

Of the 85 ratios, 10 were selected based on their respective degrees of 

discrimination for the glass sample set, with none of the ratios being repeated, such as 

394.4 nm/460.7 nm (Al/Sr) and 460.7 nm/394.4 nm (Sr/Al). These 10 ratios and their 

individual discrimination results are reported in Table 3. The final step in this approach 

was to limit the number of ratios used in combination to only 6 ratios (of the 10), in order 

to remain consistent with the number of ratios used to discriminate the glass sample set 

by µXRF.  

3.1.3.2 Discrimination results 

All of the possible combinations of the 10 optimized ratios (using 6 different 

ratios in each combination) were assessed and further ranked in terms of discrimination 

power. In total, 210 different ratio combinations were evaluated [n!/(n-m)!m! where n is 

the total number of ratios (10) and m is the number of ratios used per discrimination (6)], 

confirming that no Type I errors were detected.  

Of the 210 combinations, 60 combinations provided one to six false inclusions 

(Type II errors), whereby these combinations resulted in the discrimination of pairs 

originating from different vehicle makes/models manufactured in different years. In the 
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worst case scenario, 9 indistinguishable pairs were found, 6 of which were false 

inclusions and 3 pairs with an explanation (same glass or same car origin). The authors 

wish to stress that this worst-case combination would not be used to discriminate glass 

samples and that none of the 60 combinations that produced false inclusions would be 

considered suitable for the discrimination of glass by LIBS.  

It was determined that 150 combinations (of the possible 210) produced no Type I 

or Type II errors, with all associations resulting from plausible explanations (same glass 

or same car origin), which was the same result as with the µXRF and the LA-ICP-MS. 

Samples 6 and 7, which are fragments originating from the side and rear windows of a 

2004 Chevrolet Cavalier, were indistinguishable by all 210 possible combinations with 

36 combinations resulting with samples 6 and 7 as the only indistinguishable pair. In 

addition, this pair was also found to be indistinguishable by µXRF, as referenced in Table 

2, which concludes that these two fragments share very similar elemental profiles. There 

were 4 other indistinguishable pairs that were found by several of the ratio combinations, 

which were also found indistinguishable by LA-ICP-MS and/or µXRF, these pairs and 

the associated frequency of occurrence (out of a possible 210 combinations) are: 11:12 

(28 occurrences or 13.3%), 13:14 (7 occurrences or 3.3%), 23:24 (84 occurrences or 

40.0%), and 28:29 (84 occurrences, or 40.0%). Actual sample descriptions for these pairs 

can be found in Table 2 with the pairs found indistinguishable by LIBS depicted by the 

superscript “c”. 

It should be noted that although the group at FIU (LA-ICP-MS and LIBS 

analyses) did know the origin of each fragment prior to instrumental analysis, the 

potential bias of comparison was avoided given that the data generation format (pairwise 
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comparison analysis and/or t-test) treats each sample as if the identity is unknown and the 

user must decipher the results generated to determine which pairs are indistinguishable. 

Furthermore, with respect to the LIBS and LA-ICP-MS discrimination results, the analyst 

did not know which samples were associated (samples from the same vehicle) until after 

the discmination results were generated. In the case of the μXRF analyses, the samples 

were analyzed as a blind study where the analyst did not know the origin of the samples 

until the final results were submitted. Overall, the discrimination results were well 

correlated, even though the methods for elemental analysis are different and each data 

analysis approach was performed by a different analyst.  

3.2 Correlation study 

The three analytical techniques are compared in terms of concentration (LA-ICP-

MS) versus intensity (µXRF or LIBS), the results are summarized here. Figure 2 shows 

the distribution of strontium (mean concentration or mean intensity), as determined by 

μXRF, LA-ICP-MS, and LIBS. The plot shows the variation (or in some cases the 

association) of strontium in the glass sample set analyzed for this study; also, it partially 

demonstrates the correlation of the strontium signal for the three methods. It can be 

observed in most cases that as a strontium concentration or intensity is increased for one 

method moving from one sample to the next, the strontium signal also increased in 

similar magnitude for the other methods. Nevertheless, a more descriptive (or visual) 

correlation of such results can be found in Figure 3. 
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The correlation between LA-ICP-MS and µXRF data using strontium mean 

concentrations and intensities (with the associated error bars), respectively, for the 41 

glass set was plotted and compared. As depicted in Figure 3(a), a strong correlation 

between the two data sets is demonstrated, represented by a correlation coefficient of 

0.9911. The excellent correlation between these two methods further establishes why 

similar discrimination results were obtained. A correlation between LA-ICP-MS and 

LIBS data was also plotted using LA-ICP-MS determined strontium concentrations 

versus LIBS intensities (mean values with respective standard deviations) for the 41 glass 

set. As observed in Figure 3(b), the correlation for LIBS and LA-ICP-MS was 

determined to have a correlation coefficient of 0.8813. The correlation plot also illustrates 

the small degree of variation between sample replicates for LIBS using the setup 

described in this study. 

Conclusions 

Two of the leading techniques in elemental analysis, LA-ICP-MS and μXRF, 

were compared to the less mature technique, LIBS, in terms of discrimination power for a 

set of automotive glass samples. Significantly, all three analytical approaches yielded 

similar discrimination results with a percent discrimination of 99 % or greater. The 5 

indistinguishable pairs found by LA-ICP-MS were the same as 5 (of the 8) 

indistinguishable pairs determined by µXRF, and many of the ratio combinations used to 

discriminate the glass samples by LIBS resulted in the same pairs found to be 

indistinguishable by the other methods. In addition, the indistinguishable pairs obtained 

for LA-ICP-MS, μXRF, and LIBS had a good explanation as to why the elemental 
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profiles were similar and thus could not be discriminated. These indistinguishable pairs 

originated from the same vehicle and thus were likely to have been manufactured in the 

same plant at approximately the same time. With respect to analyzing LIBS spectra and 

making sample comparisons, an extensive study was conducted comparing different data 

reduction procedures. The final approach resulted in good discrimination and was in 

agreement with the other elemental analysis methods. The probability of committing 

Type I or Type II errors is reduced and/or eliminated using the sample comparison 

approach for LIBS outlined in this paper. Avoiding such errors is a requirement for 

forensic casework. The best combination of ratios produced only 1 indistinguishable pair 

(out of the possible 820 pairs) and this pair was explainable. Based the data analysis 

study outlined, the authors suggest 10 ratios that are considered optimum for the analysis 

and discrimination of glass by LIBS. The proposed ratios include: 394.4nm/330.0nm 

(Al/Na), 766.5nm/643.9nm (K/Ca), 394.4nm/371.9nm (Al/Fe), 438.4nm/766.5nm (Fe/K), 

534nm/766.5nm (Ca/K), 371.9nm/396.2nm (Fe/Al), 766.5nm/645.0nm (K/Ca), 

394.4nm/460.7nm (Al/Sr), 460.7nm/766.5nm (Sr/K), and 818.3nm/766.5nm (Na/K). 

Given its low cost, high sample throughput, good sensitivity, and ease of use, the 

application of LIBS for forensic glass examinations has been shown to provide the same 

discrimination as other, more established methods and now presents a viable alternative 

to LA-ICP-MS and μXRF in the forensic laboratory. 
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Tables and figure captions: 

Table 1. A comparison of various figures of merit for LA-ICP-MS, μXRF, and LIBS. 
 
Table 2. Description of the indistinguishable pairs found by μXRF, LA-ICP-MS, and 
LIBS. a = indistinguishable pairs found by μXRF; b = indistinguishable pairs by LA-ICP-
MS; c = indistinguishable pairs by LIBS. 
 
Table 3. Percent discrimination by element, LA-ICP-MS. 
 
Table 4. Percent discrimination for the most discriminating ratios by LIBS. 
 
Figure 1. Experimental setup for LIBS measurements. ICCD = intensified charge-coupled 
device; f = focal length 
 
Figure 2. Strontium distribution among the 41 glass set, a comparison of means for μXRF 
(signal intensity), LA-ICP-MS (concentration), and LIBS (signal intensity). Note that the 
μXRF intensities were multiplied by 5 and the LIBS peak areas were divided by 200. 
 
Figure 3. (a) Correlation of LA-ICP-MS and μXRF strontium results, (b) Correlation of 
LA-ICP-MS and LIBS strontium results; concentration versus peak area. 
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Parameter μXRF LA-ICP-MS LIBS 

Operating 
Principle 

Highly energetic X-rays 
knock out an inner shell 

electron. Relaxation of an 
outer shell electron into the 

vacant position causes 
emission of characteristic 

X-rays 

Laser photons remove 
material from sample. 

Submicron-sized particles 
are transported into the 
ICP which atomizes and 

ionizes the ablated 
material; ions are detected 

by MS 

Laser photons induce 
matrix breakdown at 

sample surface. 
Characteristic emission 

lines are produced in the 
UV, VIS, and near IR range

Accuracy Semi-quantitative Quantitative Semi-quantitative 

Precision 
Fair – good 

( 5-10 % RSD ) 
Excellent 

( < 5 % RSD ) 
Fair – good 

( 5-20 % RSD ) 

Sensitivity 100 ppm < 1 ppm 10 - 50 ppm 

Discrimination Very good - excellent Excellent Very good - excellent 

Complexity Easy to use Difficult to use Very easy to use 

Sample 
Consumption 

Nondestructive Almost nondestructive Almost nondestructive 

Throughput ~30 min / analysis ~3 min / analysis ~30 sec / analysis 

Cost ~ $120,000 ~ $210,000 $50,000 - $150,000 

 

Table 1. A comparison of various figures of merit for LA-ICP-MS, μXRF, and LIBS. 
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pair # sample # vehicle make vehicle model year sample location 

6 Chevrolet Cavalier 2004 outside windshield 
1a,c 

7 Chevrolet Cavalier 2004 inside windshield 

8 Chevrolet Cavalier 2004 side window 
2a,b 

9 Chevrolet Cavalier 2004 rear window 

11 Oldsmobile Intrigue 1998 outside windshield 
3a,b,c 

12 Oldsmobile Intrigue 1998 inside windshield 

13 Dodge Neon 2000 outside windshield 
4a.b,c 

14 Dodge Neon 2000 inside windshield 

20 Chevrolet Cavalier 2003 outside windshield 
5a,b 

21 Chevrolet Cavalier 2003 inside windshield 

23 Dodge Stratus 1998 outside windshield 
6a,b,c 

24 Dodge Stratus 1998 inside windshield 

28 Ford Expedition 2004 inside windshield 
7a,c 

29 Ford Expedition 2004 outside windshield 

37 Jeep Grand Cherokee 2001 outside windshield 
8a 

38 Jeep Grand Cherokee 2001 inside windshield 

 

Table 2. Description of the indistinguishable pairs found by μXRF, LA-ICP-MS, and 
LIBS. a = indistinguishable pairs found by μXRF; b = indistinguishable pairs by LA-ICP-
MS; c = indistinguishable pairs by LIBS. 
 

element # indistinguishable pairs % discrimination 

Sr 76 90.7 

Zr 127 85.5 

Ti 142 82.7 

Rb 176 78.5 

Ba 191 76.7 

All (5) 5 99.4 

 

Table 3. Percent discrimination by element, LA-ICP-MS. 
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sample # peak ratio description # indist.pairs % discrimination 
1 394.4nm / 330.0nm Al/Na 70 91.5 
2 766.5nm / 643.9nm K/Ca 84 89.8 
3 394.4nm / 371.9nm Al/Fe 86 89.5 
4 438.4nm / 766.5nm Fe/K 90 89.0 
5 534.9nm / 766.5nm Ca/K 91 88.9 
6 371.9nm / 396.2nm Fe/Al 91 88.9 
7 766.5nm / 645.0nm K/Ca 93 88.7 
8 394.4nm / 460.7nm Al/Sr 104 87.3 
9 460.7nm / 766.5nm Sr/K 104 87.3 

10 818.3nm / 766.5nm Na/K 141 82.8 

 

Table 4. Percent discrimination for the most discriminating ratios by LIBS. 

 

 

Figure 1. Experimental setup for LIBS measurements. ICCD = intensified charge-coupled 
device; f = focal length. 
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Figure 2. Strontium distribution among the 41 glass set, a comparison of means for μXRF 
(signal intensity), LA-ICP-MS (concentration), and LIBS (peak area). Note that the LIBS 
intensities were divided by 200 and the μXRF intensities were multiplied by 5. 

 

Figure 3(a). Correlation of LA-ICP-MS and μXRF strontium results.  

 

Figure 3(b). Correlation of LA-ICP-MS and LIBS strontium results.  
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