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Abstract

Glass fragments recovered from crime scenes are usually very small and therefore the amount of sample available to conduct forens|
analyses is limited. Elemental analysis using conventional digestion methods consumes at least 2—-3 mg of glass per replicate. LA-ICP-M:
requires 10,000 times less glass consumption per analysis (~280ng), and therefore the sample remains practically unaltered. Typicall
the recovered fragments (unknowns) are 0.1-1 mm in length, while the “known” samples are usually larger, i.e. a broken fragment from a
windshield (>3 mm). For bulk digestion analysis, the difference in fragment size does not present a problem for elemental comparisons -
other than requiring at least 6 mg for triplicate analysis — because the sample is crushed and homogenized before weighing. Laser ablatic
sampling results in the creation of small craters (150 diameter and 8@m deep) drilled into the sample due to the interaction of the
laser with the glass target. This study aims to evaluate whether the quantitative elemental analysis using the LA sampling method is affecte
by the size of the glass fragment due to differences in heat dissipation and surface—laser interaction. The analytical method employed fc
the analysis of glass by LA-ICP-MS had previously shown to possess the same or better performance than dissolution ICP-MS methods i
terms of accuracy, precision, limits of detection and discrimination power. A 266 nm Nd:YAG laser with a flat top beam profile was used in
single point mode sampling a p@n spot size for 50 s at 10 Hz. Standard glass reference materials SRM 612 and SRM 610 were selected
to conduct this work in order to account for different concentration ranges and different opacities of the samples. The set under study wa:
comprised of seven fragments originating from each standard at different sizes and shapes ranging from 6 to 0.2 mm length. Analysis o
variance (ANOVA) followed by the Tukey's honestly significant different test (HSD) was used for data analysis. The results show that there
is no significant difference in the elemental composition of different sized fragments. The conclusions, however, cannot be generalized fol
fragments measuring less than 0.2 mr.1 mm.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction microscopy[9], inductively coupled plasma atomic emis-
sion spectrometry (ICP-AE$] and ICP-MJ10-13]. Each
Forensics examiners usually combine the versatility of technique has its own strengths and shortcomjibhds3], but
refractive index (RI) measurements with the discrimination ICP-MS has been shown to be the most effective analytical
power of elemental analysis in order to enhance the value of method for the comparison of trace elements in small glass

a comparison between glass fragmdtg]. fragmentg14]. Some of the advantages of ICP-MS over the
Elemental analysis of glass has been conducted by dif- other analytical techniques include its multi-element capa-
ferent techniques like atomic absorptif#)4], X-ray fluo- bility, excellent sensitivity, high sample throughput and the

rescencg5,6], neutron activatiorj7,8], scanning electron capability to provide isotopic information.
Conventionally, the digestion methods used for ICP-MS
* Corresponding author. bulk analysis are complex, costly and time consuming. Laser
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some of these disadvantages because the technique does not The coupling of the laser energy to the surface of the ma-
require sample dissolution. Furthermore, laser ablation elim- terial results in the formation of a micro-plasma during the
inates the use of hazardous reagents such as hydrofluoric acidblation process, along with other mechanisms such as va-
(HF) and significantly reduces the polyatomic interferences porization[18]. The thermo—optical properties of the sample
associated with solution analyses by ICP-MS-17]. are expected to influence these processes. The physical shape

Ablation can be defined as a progressive destruction of and size of the samples could eventually affect the dissipation
the surface of a material by different events such as fusion, of heat and cooling rates and the amount of material removed
melting, sublimation, erosion and explosidry,18-20]. during the laser pulse.

The use of LA has been applied to different matrices  In order to evaluate the impact of these concerns, the
[15,21-32]. Glass analysis by LA-ICP-MS has been stud- present work has evaluated the elemental composition of
ied due to the current availability of matrix-matched certified glass fragments between 6 and 0.1 mm in size to determine
standards like the SRM NIST series and the consistently highwhether the ranges the size of the fragments affect the quan-
content of silica in the glass that ma#&Si a good choice for titative analysis of glass for forensic purposes.
internal standardization. These features make glass a good
model system to be explored for forensic applications of laser
ablation. Nevertheless, the application of laser ablation for 2. Experimental
forensic analysis of glass cannot replace the accepted sample
dissolution methods before it can be shown that it has the 2.1. Instrumentation
same or better analytical performance.

Previous research performed by our group has demon- A Leica microscope, model L2 was used to mount the
strated that laser ablation provides similar accuracy, precisionglass fragments in labeled paper squares for LA analysis.
and discrimination power as the digestion methods. The studyThe ICP-MS used in this study was a Hewlett Packard,
was performed for a set of over 130 glass fragments composednodel HP-4500 Plus (Agilent Technologies, Palo Alto, CA,
of a variety of containers, headlamps, windshields, side ve- USA), with a quadrupole mass analyzer and equipped with
hicle windows and architectural windoJ&0]. Fractionation an auto sampler ASX-500 (CETAC, Omaha, NE, USA).
has also presented an area of concern, and therefore a studyaser ablation analyses were performed with a CETAC (Om-
indicating the non-effect of fractionation on the quantitative aha, NE, USA) laser ablation system (model LSX-500) Q
analysis of glass has also been repofg4g. switched Nd:YAG, operating at 266 nm. Helium was used

Although these results are very encouraging, further stud- as carrier gas into the cell at 0.95 L mihand then mixed
ies regarding the particular interaction of the laser with the with make-up argon after the cell (0.95LmiH. Abla-
glass surface were also conducted to offer additional val- tion was performed using single spot mode at 10Hz for
idation to the proposed method. These complementary in-50s. The elemental menu used for the guantitative analy-
vestigations include a heterogeneity study of glass samplessis of the glass standards is shownTable 1. A scanning
in the micro-scale range and the evaluation of the effect
of fragment size on the quantitative analysis of glass for
comparison purposes. The later is the aim of the presentTable 1

work. Elemental menu selected for LA data analysis of glass samples
Due to the differences in the samples submitted in case- Element Isotope monitored

work involving broken glass, the sizes of fragments that ar- Li L

rive at the laboratory varies greatly. Samples recovered from B ;;B

a known source are frequently large (>3 mm) because they/'l"lg 272"|9

are sampled from the available original piece, i.e. fragments 39K

collected from the windowpane of a house in a breaking and g; 29g;

entering case. On the other hand, the fragments collectedri 49T

from the suspect are usually recovered at the laboratory byMn Mn

shaking or brushing a garment over a sheet of paper and by':e Z;Ee

using stereomicroscope to examine the debris. Typical sizeng gng

of these glass fragments are between 0.1 and 1 mm in lengths; 88gy

[33]. Zr 90zr
These differences in sample sizes does not make any effectn EﬁSn

in the comparison of fragments by the bulk digestion analysis B2 139Ea

other than the limitation of the amount of sample required for Cae 140C1

analysis, which should be at least 6 mg. However, for laser yf 1784¢

ablation, the amount removed is very small (~280ng) and Pb 208pp

the efficiency of the interaction of the beam with the surface Lh izzzh

depends on several factors.
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electron microscope (SEM/EDX) JSM-5900-LV (JEOL, 3. Results and discussion

Japan) from the FCAEM (Florida Center for Analytical Elec-

tron Microscopy at FIU) was used for the imaging of the The NIST standards SRM 612 and SRM 610 were used for
craters on glass, operated at high vacuum and using secthis work in order to account for differences in the opacity of

ondary electron imaging at 20kV and a spot size ofiAt the sample as well as differences in concentration levels. The
The glass samples were coated with gold to prevent charg-standard SRM 612 is more transparent than SRM 610 and
ing. depending of the laser used for the ablation could affect the
efficiency of the coupling of the laser beam with the surface
2.2. Reagent, standards and sampling preparation as well as loss of energy due to reflection. The sizes of the

fragments were selected according to the typical sizes recov-

Standard reference materials SRM NIST 612 and SRM €red from crime scenes. The smallest size of the fragments
NIST 610 were crushed using a rubber-head hammer and dis{#7) was limited by the minimum area that a glass fragment
posable polypropylene weighing boats (Fisher, Pittsburg, PA, should have in order to perform the LA analysis of craters
USA). The fragments were washed with 0.8 mofitraceel- ~ 0f 50.m spot size in triplicate and leaving at least 50
emental grade nitric acid (Fisher, Pittsburgh, PA, USA) for Of space between each ablation in order to avoid contami-
30 min followed by rinsing with deionized water and then Nation due to deposition3able 2shows the size, mass and
let dry overnight. Seven fragments from different shapes and Shape of the fragments used for the laser ablation analysis.
sizes (6-0.1 mm length) were selected from each standard.The shape description is approximated because most of the
The fragments were mounted under a microscope into a smallffagments were amorphousig. 1shows the comparison of
piece of “tacky blue” mounting medium (s&eg. 1). During size between the largest and the smallest fragment sampled
LA-ICP-MS each fragment was analyzed in triplicate. The fromSRM 610, inthis example, fragment#7 had a length that
sequence of analysis was randomly selected and the order ofs ~25 times smaller than fragment #1. The SEM image on
analysis was fragment 3, 5, 2, 7, 4, 1 and 6 (fragment 7 was Fig. 2shows the ablation of three craters on the fragment #6 of
the smallest fragment). The calibrators SRM 612 or SRM 610 SRM 610, which is less than 1 mm in length. This fragment
were analyzed at the beginning and at the end of the sequencé#6) illustrates the clear advantages of LA over the diges-

in order to account for any drift and to correct the instrument tion method because with the amount of material (~1mg)
for any drift. it would be impossible to run the digestion method that re-

quires at least 6 mg to run the analysis in triplicate while laser
ablation analysis was performed in triplicate and there is still
enough glass left to conduct additional analysis, which may
be critical for some forensic casework.

Analysis of variance (ANOVA) was conducted in order to
determineifthere was a significant difference in the elemental
concentration of the fragments due to the size and shape ofthe
glass piece. With a 99% confidence levet(@.01), there was
no significant difference on the elemental concentration of
any of the fragments originating from SRM 610 or SRM 612.

2.3. Statistical analysis

Statistical analyses were carried out using analysis of vari-
ance (ANOVA) followed by the Tukey’s honestly significant
different test (HSD), using SYSTAT for windows 8.0 (SPSS
Science, Chicago, IL). Data reduction of laser ablation data
was performed using the GLITTER software (GEMOC, Mac-
quarie University, Australia).

Table 2
Distribution of size and shape of the glass fragments selected for this study
Fragment Surface size (mm) Mass (mg) Shape
SRM 612

1 6.39x 2.98 99.024 Triangular

2 2.25x 3.14 35.080 Pentagonal

3 2.21x 2.07 13.280 Irregular

4 2.02x 1.64 11.834 Pentagonal

5 1.78x 0.81 2.565 Rectangular

6 0.91x 0.66 1.025 Rectangular

7 0.13x 0.72 0.616 Rectangular
SRM 610

1 3.6x3.5 45.020 Quasi-squared

2 3.8x 1.97 33.841 Triangular

3 1.32,1.44x 2.2 15.284 Trapezoid

4 1.07x 0.70 3.248 Pentagonal

5 1.31x 0.6 2.280 Triangular

6 0.78x 0.65 1.258 Irregular

7 0.11x 0.20 0.907 Irregular

Fig. 1. Comparison of the fragment size 1 and fragment size 7 of SRM 610.
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Fig. 2. SEM image of fragment SRM 610 # 6 after ablation.

2.4
Table 3shows the elemental ratios for the different replicates S
. ; 8 21 1—%* ¢ ¢ o & ¢ § —
in the fragments from both standards and a good correlation 5
between fragments originating from the same standard can 5 4.3
be observedrig. 3illustrates an example of the comparison
of mean values and precision of the elemental ratios between 1.5 - : ; : : ; ;

fragments originating from SRM 610. The RSD for the vast o 1 2 3 4 5 6 7 8
majority of elements was determined to be less than 6% when (© fragment size

NIST SRM 612 (~4Qug g~1) and SRM 610 (~50 !
(~40097) ( hog™) Fig. 3. Mean values and standard deviatior @) of the elemental ratios

were mee_i.sured' - of seven different glass fragments from SRM 612. (A): Mn/Rb, (B): Ba/La
In addition to the good association between fragments of (C): Stizr.

different sizesJFig. 4 illustrates the good accuracy of the
elemental ratios for SRM 612 fragments compared to the re-

ported values. Experiments conducted on the SRM 610 frag-fragments of SRM 612, where no differences in crater shape
ments have similar results. nor deposition of particles were observed.

The SEM images demonstrate that there was not a signif-

The experimental results demonstrate that the proposed

icant difference in the shape of the ablation craters and their LA-ICP-MS method is not affected by the variability in frag-
ment size of the samples and is reliable to perform routine

immediate surrounding surfadég. 5illustrates the compar- . . _
ison of crater images obtained for the biggest and the smallesforensic glass casework in these size ranges.

Table 3

Mean values (& 3) of the elemental ratios of fragments of SRM 612 and SRM 610

Fragment#  BI/Li Mg/Al  Ti/Mn Sr/Zr Rb/Zr  Fe/Mn Mn/Rb Ba/La Cel/lLa Pb/Hf U/Th Zr/Isn  AlIK ColSr

SRM 612
1 0.824 0.007 1.211 2.129 0.413 1.691 1.189 1.044 1.082 1.134 1.078 0.907 168.2 0.472
2 0.834  0.007 1.203 2.090 0.415 1.498 1.158 1.065 1.050 1.121 1.071 0.979 162.9 0.467
3 0.877 0.007 1.534 2.092 0.416 1.529 1.140 1.057 1.073 1.085 1.026 0.970 157.3 0.478
4 0.884  0.007 1.209 2.093 0.415 1.495 1.204 1.059 1.067 1.079 1.043 0931 178.9 0.460
5 0.837 0.007 1.318 2.117 0.418 1.696 1.184 1.014 1.042 1.144 1.096 0.907 168.1 0.451
6 0.828  0.007 1.315 2.097 0.418 1.696 1.207 1.024 1.027 1.095 1.025 0.933 177.1  0.466
7 0.819 0.007 1.282 2.081 0.422 1.721 1.165 1.047 1.055 1.098 1.040 0.951 180.7 0.461

SRM 610
1 0.787 0.048 0.961 1.176 0.894 1.043 0.972 0.953 1.025 1.094 1.086 1.007 19.12 0.834
2 0.793  0.049 0.959 1.160 0.911 1.055 0.953 0.929 1.008 1.091 1.080 1.011 20.30 0.861
3 0.784 0.048 0.973 1.146 0.894 1.038 0.949 0.942 0.992 1.040 1.045 1.038 20.20 0.817
4 0.728  0.049 0.939 1.175  0.902 1.064 0.978 0.946 1.018 1.112 1.129 0.977 19.33 0.848
5 0.792 0.048 0.959 1.147 0.876 1.042 0.969 0.948 0.996 1.057 1.026 1.052 20.79 0.813
6 0.795  0.049 0.951 1.187 0.928 1.040 0.948 0.950 1.035 1.163 1.144 0.942 1851 0.879
7 0.779 0.047 0.977 1.140 0.875 1.048 0.995 0.923 0.990 1.001 1.053 1.074 20.06 0.843
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Fig. 4. Comparison of true values and experimental ratios in glass fragments of different sizes originated from SRM 612.

Fig. 5. Comparison of SEM image of the crater of fragment #1 (left) and #7 (right).

4. Conclusions laser-target might be affected by the size and shape of the
recovered material due to possible differences in heat dissi-
Laser ablation is the first choice as a sample preparationpation. The results of this study indicate that the quantitative
technique for elemental analysis of glass by ICP-MS becauseanalysis of glass with internal standardization is possible for
of the numerous advantages this technique has over the conglass samples as small as 0.1 mm in length.
ventional dissolution methods.
The proposed method of LA-ICP-MS not only provides
similar analytical performance to well-accepted digestion Acknowledgements
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