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ABSTRACT

THE USE OF LASER ABLATION INDUCTIVELY COUPLED

PLASMA MASS SPECTROMETRY (LA-ICP-MS) FOR THE DISCRIMINATION OF

GLASS FRAGMENTS IN FORENSIC CASEWORK

By

David William Szymanski

Inductively coupled plasma mass Spectrometry (lCP-MS) is becoming a widely

used method for elemental analyses of glass fragments, with laser ablation (LA) of solid

samples being the most efficient introduction system for forensic applications (e.g. Trejos

et al., 2003). Trace element abundances in glasses are widely variable, even in glasses of

the same refractive index. This variability allows for a high degree of discrimination

when comparing ratios of trace element abundances. Laser ablation requires little or no

sample preparation, which reduces Opportunity for contamination, and is virtually non-

destructive. In order to use the technique for routine forensic analyses of glass fragments

in casework, it was necessary to test the precision of the technique and the homogeneity

of samples to avoid erroneous interpretations of the results. A protocol for the analysis of

glass fragments by LA-ICP-MS was developed using a set of ten “unknown” automobile

float glass fragments and a National Institute of Standards and Technology glass. A

graphical technique was employed for comparing element ratios in samples, based on the

work of Watling et al. (1997). After confirming the homogeneity of glass samples and

ensuring reproducibility of individual analyses, the technique was applied to casework for

the Michigan State Police. When samples cannot be distinguished by physical

parameters such as refractive index, they are analyzed by LA-ICP-MS. Three cases are

presented as examples of the discriminatory and associative power of the method.
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INTRODUCTION

Glass is used universally in packaging, architecture, and motor vehicles. Float I

glass, named for the process by which molten glass is cooled and thinned as it is floated

atop a layer of liquid tin, defines an important and frequently encountered type of glass

evidence. Commonly used in architectural and automotive windows, float glass is easily

dispersed and transferred during the commission of crimes. With the increasing physical

and chemical homogeneity of float glass, forensic scientists must use innovative

techniques to strengthen associations and add discriminating power to analytical schemes

that rely upon traditional optical techniques, such as the determination of refractive index.

In the absence of a physical match, forensic scientists typically classify glass

fragments according to their physical properties of color, thickness (when parallel sides

are present), and refractive index. When exclusions cannot be made based on these

properties, elemental analyses can provide crucial additional information for

classification and discrimination of fragments (Hickman, 1987). Major element variation

in glass is often associated with changes in refractive index (Parouchais et al., 1996).

Trace elements, however, are more variable, even among glasses with analytically

indistinguishable refractive indexes (e.g. Duckworth et al., 2002). For this reason, it has

been clearly demonstrated in pairwise comparison studies that while refractive index

measurements alone can discriminate roughly 40-50% of different glasses in large sample

sets (e.g. 40-70 sample samples, or roughly 1000-2500 pairs), the addition of trace

element data decreases the number of indistinguishable pairs to O-5%, depending on the

rigor of the statistical comparison (Trejos et al., 2003; Duckworth et al., 2002).



Inductively coupled plasma mass spectrometry (ICP-MS), with multielement

capabilities, low detection limits, and a dynamic range that normally spans eight orders of

magnitude, is well suited for trace element analyses of glass fragments. The use of ICP-

MS for elemental analysis of glass is well documented by solution nebulization of acid-

digested fragments (e.g. Parouchais et al., 1996; Suzuki et al., 2000; Duckworth et al.,

2000; Duckworth et al., 2002; Trejos et al., 2003; Montero et al., 2003) and by laser

ablation (e.g. Watling et al., 1997; Watling, 1999; Trejos et al., 2003; Trejos and

Almirall, 2004). In the case of solution nebulization, fragments are first dissolved in an

acid cocktail consisting of two or more of the following acids in varying proportions:

hydrofluoric (HF), nitric (HNO3), hydrochloric (HCl) and/or perchloric (HClO4). The

solutions are then aspirated through a small annulus and carried to the plasma in liquid

aerosol form.

During laser ablation of glass, radiation from the laser couples with the sample

and produces intense heat at its surface. The sample is partially melted and vaporized,

with some of the material being quenched into microscopic glass beads. The solid

particles are subsequently swept away by an inert carrier gas to be atomized, then ionized

by the plasma and sent to a mass spectrometer. Elemental fractionation, whereby the

composition of the material analyzed is not representative of the material being ablated,

can occur due to a combination of factors, including but not limited to: depth and

morphology of the crater produced by ablation, laser beam properties, transport of

various particle sizes, and sample matrix effects (Russo et al., 2002). However, in a

recent study using glass standards and float glass samples, Trejos and Almirall (2004)



found that most elements show low levels of fractionation during ablation and

fractionation does not appreciably affect elemental comparisons in forensic casework.

As reviewed by Durrant (1999) and Russo et al. (2002), laser ablation has been

used in a wide variety of geological, biological, materials science, and forensic

applications. Depending on the sample and ablation parameters, as little as microgram

(1045 g), nanogram (10'9 g), or even femtogram (10'15 g) quantities may suffice for an

analysis (Russo et al., 2002). Glass fiagments submitted to the forensic scientist are often

microscopic; the small volume of material required for LA-ICP-MS makes the method

almost non-destructive even for the smallest fragments. The lack of sample preparation

minimizes opportunity for contamination of samples and significantly reduces analysis

time. The efficiency of LA-ICP-MS makes it ideally suited for forensic elemental

analysis of glass fragments.

Although true quantification of elemental abundances in glass samples is not

possible without the use of other techniques to determine the concentration of at least one

element to be used as an internal standard, the use of elemental ratios has been

demonstrated to be a precise and effective discriminating tool for comparisons, even

when using solution nebulization. Parouchais et al. (1996) note that in cases where acid-

digested fragments are too small to be accurately massed for quantification, elemental

ratios are well suited for sample comparison. Watling et al. (1997) suggested the use of

ternary discrimination diagrams for comparing trace element ratios in samples. Such

diagrams (see below, Figure 1) allow for fast graphical discrimination of samples based

on a number of different combinations of elements.



This research took a two-fold approach to overcome several roadblocks to LA-

ICP-MS analysis of forensic glass samples. The first goal was to develop a protocol for

the ablation of glass fragments in the ICP-MS laboratory at Michigan State University

and determine the precision of the technique for the standard reference glass from the

National Institute of Standards and Technology (NIST 612) and a set of automobile float

glass samples collected by the Michigan State Police. In order to use the technique for

casework, it was necessary to demonstrate that the analyses are precise, regardless of

which part of a fragment is sampled. As float glass is produced, tin (Sn) is imparted to a

very thin (um-order) portion of the “float” side of the glass, the side in contact with the

liquid tin. A clear concern, therefore, was whether trace elements were heterogeneously

distributed throughout a fragment, which would lead to imprecise analyses and possibly

erroneous exclusions in comparisons.

The second goal was to develop a method for efficiently evaluating the data,

discriminating between samples using trace element ratios in actual casework. As

described above, much work is being done to develop the method in terms of optimizing

discrimination power of the technique (e.g. Trejos et al., 2003) and in the statistical

comparison of sample sets (e.g. Aeschliman et al, 2004; Koons and Buscaglia, 2002;

Koons and Buscaglia, 1999; Curran et al., 1997a, 1997b). The purpose of this study was

to employ the laser ablation technique for discrimination in actual casework. The method

was designed to compliment comparison techniques currently employed by the Michigan

State Police, including refractive index determination by the Emmons double-variation

method and scanning electron microscopy energy-dispersive spectroscopy (SEM-EDS)

for major element composition.



EXPERIMENTAL SETUP

Instrumentation and Materials

A CETAC LSX-200® Plus Q switched Nd:YAG laser (266 nm) attached to a

Micromass Platform® ICP-MS, a quadrupole mass spectrometer, was used in all

experiments. The Platform features and in-line hexapole collision cell, which reduces

elemental interferences with the argon carrier gas (e.g. 40Arlf’O+ on 56Fe). The LSX laser

focus ranges from a 10-250 um beam diameter and has precision translation stage

movement (x, y and 2) within 0.25 um. NIST 612, a glass standard with ~50 ppm

concentrations 'of the trace elements that is used for tuning the instrument, was

incorporated as a known standard for precision in all experiments. Ten sets of

automobile float glass fragments were provided by the Michigan State Police Forensic

Science Division. Fragments were collected by the Michigan State Police and represent

ten models from seven manufacturers (Table 1). All unknown samples had parallel sides;

the side of each fragment in contact with the liquid tin during production, the “float side,”

was identified by UV fluorescence and labeled with permanent maker.

Experimental Design

In the first phase of the project, a protocol for ablation of NIST 612 and one

“unknown” glass fragment was developed. Based on previous glass discrimination

studies by Parouchais et al. (1996), Watling et a1 (1997), Becker (2000), and Duckworth

et al. (2002), a menu of eight isotopes was selected for data acquisition by LA-ICP-MS.

A scan of these eight isotopes (85Rb, 88Sr, 89Y, 90Zr, 98Mo, 138Ba, 139La, and 14°Ce) was



Y
e
a
r

1
9
9
0

1
9
8
9

1
9
9
5

1
9
8
6

1
9
9
3

1
9
9
0

1
9
9
0

1
9
8
5

1
9
8
9

1
9
9
4

M
a
n
u
f
a
c
t
u
r
e
r

H
o
n
d
a

P
o
n
t
i
a
c

F
o
r
d

C
h
y
s
l
e
r

C
h
e
v
r
o
l
e
t

C
h
e
v
r
o
l
e
t

P
o
n
t
i
a
c

O
l
d
s
m
o
b
i
l
e

P
l
y
m
o
u
t
h

G
e
o

M
o
d
e
l

A
c
c
o
r
d

G
r
a
n
d
A
m

C
o
n
t
o
u
r

L
e
b
a
r
o
n
G
T
S

C
a
v
a
l
i
e
r

B
e
r
e
t
t
a

S
u
n
b
i
r
d

B
r
o
u
g
h
a
m

S
u
n
d
a
n
c
e

M
e
t
r
o

S
a
m
p
l
e
C
o
d
e

9
0
A
c
c
o
r
d

8
9
G
r
a
n
d
A
m

9
5
C
o
n
t

8
6
L
a
b
G
T
S

9
3
C
a
v

9
O
B
e
r
e
t
t
a

9
O
S
u
n
b
i
r
d

8
9
B
r
o
u
g
h
a
m

8
9
S
u
n
d
a
n
c
e

9
4
M
e
t
r
o

 

T
a
b
l
e

1
.
L
i
s
t
o
f
t
e
n
s
a
m
p
l
e
s
t
r
e
a
t
e
d
a
s
u
n
k
n
o
w
n
s

i
n
t
h
i
s
s
t
u
d
y
a
n
d
s
a
m
p
l
e
c
o
d
e
s
u
s
e
d
i
n
t
e
x
t
.



conducted for 60 s in each trial of protocol development, during which the transient

signal was acquired by the detector. Ablation parameters were optimized in depth-profile

ablation mode, using both NIST 612 and 1993 Chevrolet Cavalier (93Cav, see Table 1).

Variables optimized included: spot size, rate of penetration into sample by raising the

sample stage (z—rate), and duration of ablation. In each trial, a 1 s pre-ablation burst of

the laser at the sample surface was conducted (100% energy output) to eliminate any

possible contamination. In each trial, the pre-ablation spot size was 100 um larger in

diameter than the ablation spot size. The 60 s scan was initiated before ablation began

and continued after ablation was complete, making it possible to easily identify any well-

defined transient peaks above background, with a 0.1 s dwell time for each isotope. The

technique was optimized for the smallest spot size (best for forensic applications) that

produced adequate signal above background. For both NIST 612 and the unknown

sample, this condition was met using a z-rate of l urn/s for 30 s and an ablation spot size

of 100 pm. (The pre-ablation laser burst for contamination prevention was consequently

set with a Spot size of 200 um.)

Using this protocol, NIST 612 and a set of the samples from the Michigan State

Police (n=10) were ablated to test 1.) the precision of the technique and 2.) sample

homogeneity. In this first phase, a subset of samples (n=6) was analyzed, including:

93Cav, 89GrandAm, 86LabGTS, 95Cont, 9OBeretta, and 90Accord. The non-float side

of each sample was ablated five times, with each ablation spaced 500 um away from the

preceding point. In the second phase of experiments, eight months later, the float side of

each unknown sample was ablated in the same manner to ascertain the degree of

homogeneity of the samples between the float and non-float sides. In the third phase,



another subset of samples (n=4) was ablated using the same parameters seven months

later to expand the data set for comparison. From Table 1, these samples included: '

94Metro, 9OSunbird, 89Sundance, and 89Brougham. Samples were similarly ablated five

times on both the float and non-float sides of the samples. In addition, a cross-sectional

traverse of two samples was performed during Phase II (86LabGTS) and Phase III

(94Metro) of the experiments. In addition to testing reproducibility of measurements, the

purpose of these trials was to ensure homogeneity of the samples when no parallel sides

are present, as is often the case when glass samples are submitted to analysts in caseWork.

RESULTS AND DISCUSSION

All data were reduced using the MassLynx software provided by the ICP-MS

manufacturer (Micromass, Ltd., Manchester, England), which performs a standard

guassian integration of peaks, yielding a maximum peak height for each isotope (Table

2). As precision in this study is determined by measurements of element ratios, relative

standard deviation (RSD) is considered for peak heights normalized to 88Sr (Table 3).

Data are presented in chronological order by groups of analyses (Phases 1, II, and III).

Overall, precision for sets of replicate analyses is good, with RSD values of

<10% for most elements, many <5% (Table 3). In the first two phases of research, 85Rb

and 98Mo, which had the lowest peak heights of all isotopes, were the only two elements

to demonstrate precision consistently >10% RSD. In all subsequent analyses, 85Rb and

98M0 were removed from the element menu. In rare cases, for the other elements in the

menu (“Sn 89Y, 902r, 138Ba, 139La, and 140Ce), precision RSD values exceed >10%. For

example, 139La for 9OSunbird has a precision RSD of 29.7% (Table 3). However, the
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Table 3. Sr-normalized Peak Heights for analyses.

PHASE I

Rb

Zr

Ba

La

Ce

Rb

Zr

Ba

La

Ce

Rb

Zr

Ba

La

Ce

Rb

Zr

Ba

La

Ce

Rb

Ba

La

Zr

Ce

Sample and peak/Sr for each replicate (n=5)

NIST 612

0.57618

0.43616

0.22362

0.21 166

0.60199

0.58210

0.82620

93Cav

0.05081

0.05141

1 .24813

0.00728

0.31575

0.04695

0.27453

89GrandAm

0.02534

0.03008

0.74092

0.00506

0.20263

0.02462

0.06271

86LabGTS

1.07430

0.10420

0.97639

0.00884

2.46869

0.16141

0.43934

95Cont

0.05137

0.00925

0.26557

0.04581

3.65430

0.12779

0.09082

0.54719

0.42289

0.21460

0.20176

0.59315

0.59184

0.84719

0.03413

0.05038

1 .16742

0.00800

0.27928

0.04607

0.25347

0.02332

0.03360

0.76536

0.00420

0.20442

0.02551

0.06336

1.04293

0.09961

0.93234

0.01 174

2.41697

0.15796

0.42703

0.04388

0.00860

0.25479

0.04631

3.53862

0.12419

0.09054

0.57397

0.43214

0.22137

0.19481

0.57016

0.58567

0.82147

0.03330

0.05248

1 .19620

0.0071 1

0.28256

0.04673

0.26965

0.02416

0.03397

0.78584

0.00428

0.19959

0.02620

0.06196

1.04813

0.10258

0.95475

0.00830

2.38635

0.15677

0.42602

0.03485

0.00802

0.25944

0.04507

3.62661

0.12638

0.09229

14

0.57520

0.44358

0.22766

0.19882

0.58458

0.60158

0.80610

0.13131

0.05020

1.20791

0.00744

0.30184

0.04793

0.27487

0.02241

0.03299

0.77518

0.00373

0.20369

0.02593

0.06302

1.09090

0.10141

0.97813

0.00678

2.44481

0.16415

0.44891

0.03989

0.00787

0.25510

0.04653

3.62926

0.12603

0.09198

0.56714

0.44437

0.22657

0.20189

0.59744

0.60350

0.81 108

0.02637

0.05259

1 .1 9945

0.00805

0.29029

0.04548

0.26669

0.02504

0.03262

0.77642

0.00386

0.20155

0.02562

0.06216

1.06134

0.10397

1.00286

0.00750

2.47283

0.16030

0.42760

0.02736

0.00780

0.25256

0.0471 1

3.57162

0.12432

0.09244

RSD ./o

2.1%

2.0%

2.3%

3.1%

2.1%

1.6%

1.9%

78.8%

2.2%

2.4%

5.6%

5.1%

2.0%

3.3%

5.0%

4. 7%

2.2%

12.3%

0.9%

2.4%

0.9%

1.8%

1.9%

2.7%

22.1%

1.5%

1.8%

2.3%

23.0%

7.4%

2.0%

1.7%

1.3%

1.2%

1.0%



Table 3, continued. Sr-normalized Peak Heights for analyses.

Rb

Zr

Ba

La

Ce

Rb

Y

Zr

Mo

Ba

La

Ce

PHASE II

Rb

Zr

Ba

La

Ce

Rb

Zr

Mo

Ba

La

Ce

Rb

Zr

Ba

La

Ce

9OBeretta

90Accord

NIST612

93Cav-float

0.04549 0.06274 0.05456

0.01812 0.01613 0.01815

0.20427 0.19812 0.20626

0.01 1 16 0.00926 0.00685

0.28565 0.26509 0.28100

0.06517 0.06180 0.06531

0.18671 0.17860 0.19510

0.04676 0.04075 0.03722

0.02218 0.02279 0.02228

0.36604 0.37722 0.37624

0.00665 0.00510 0.00360

0.28150 0.24689 0.25426

0.03419 0.03431 0.03580

0.10055 0.09815 0.10104

Sample and peak/Sr for each

0.56774 0.55009 0.63531

0.41685 0.42428 0.42146

0.20948 0.21789 0.20934

0.19273 0.20786 0.22774

0.53210 0.53897 0.53534

0.56455 0.56556 0.53501

0.71119 0.71083 0.69686

0.09823 0.05371 0.06815

0.04659 0.05149 0.05025

1.05594 1.09315 1.12866

0.02193 0.01663 0.01306

0.33311 0.28264 0.28285

0.04555 0.04562 0.04570

0.26856 0.26646 0.26734

89GrandAm-float

0.03655 0.04952 0.04259

0.03194 0.03240 0.03078

0.71778 0.74371 0.71745

0.01086 0.00902 0.00793

0.21786 0.21 146 0.20003

0.02638 0.02594 0.02506

0.06679 0.05684 0.06037

15

0.04725

0.01775

0.19585

0.00674

0.25273

0.06234

0.17155

0.04356

0.02356

0.38512

0.00401

0.28388

0.03461

0.09867

replicate (n=5)

0.57130

0.43456

0.21404

0.20275

0.53967

0.56600

0.71464

0.04091

0.04842

1 .10967

0.01065

0.27862

0.04395

0.24786

0.0371 1

0.03254

0.72959

0.00540

0.19883

0.02583

0.06073

0.04973 13.3%

0.01778 4. 7%

0.19224 2.9%

0.00587 27.3%

0.25503 5.6%

0.06376 2.5%

0.18066 4. 9%

0.03867 9.3%

0.02359 2.9%

0.37884 1.8%

0.00401 26.4%

0.25951 6.3%

0.03381 2.2%

0.09795 1.4%

RSD %

0.66161 8.1%

0.42986 1.6%

0.21614 1.8%

0.22356 6.9%

0.53050 0.8%

0.53556 3.0%

0.71 127 l . 0%

0.04035 39.9%

0.05012 3.9%

1.1 1251 2.5%

0.00772 39.3%

0.29248 7. 6%

0.04313 2. 6%

0.25222 3. 7%

0.02751 21.0%

0.03241 2.3%

0.74367 1.8%

0.0064] 27.1%

0.20594 3.9%

0.02499 2.3%

0.05781 6.4%



Table 3, continued. Sr-normalized Peak Heights for analyses.

86LabGTS-float

Rb 1.05561 1.10841 1.10322 1.12363 1.09350 2.3%

Y 0.09565 0.09627 0.10173 0.09955 0.09953 2.6%

Zr 0.84067 0.88279 0.89762 0.88877 0.93635 3.9%

Mo 0.02191 0.01 179 0.01420 0.01268 0.00989 32.9%

Ba 2.1 1 178 2.24842 2.25134 2.29036 2.32543 3.6%

La 0.14090 0.15426 0.14814 0.15353 0.15541 4.0%

Ce 0.37037 0.38477 0.38390 0.39192 0.38768 2.1%

95Cont-float

Rb 0.05462 0.04955 0.04074 0.03208 0.06919 28.6%

Y 0.08696 0.09048 0.08824 0.09028 0.08948 1. 7%

Zr 3.21206 3.22940 3.20355 3.30166 3.23587 1.2%

Mo 0.01 188 0.01849 0.00966 0.00923 0.00636 41.0%

Ba 0.29792 0.26795 0.26933 0.26128 0.25994 5. 7%

La 0.04409 0.04412 0.04299 0.04305 0.04433 1.5%

Ce 0.12216 0.11532 0.11266 0.11157 0.12207 4.4%

9OBeretta-float

Rb 0.06387 0.06960 0.04558 0.05516 0.04502 19.5%

Y 0.01747 0.01806 0.01689 0.01821 0.01819 3.2%

Zr 0.20864 0.20503 0.20676 0.20578 0.20844 0.8%

Mo 0.01 121 0.00905 0.00776 0.00872 0.00987 13.9%

Ba 0.27710 0.25154 0.24776 0.26512 0.29144 6.8%

La 0.05971 0.06048 0.06015 0.06200 0.06235 1.9%

Ce 0.15400 0.15288 0.15183 0.15339 0.15033 0.9%

90Accord-float

Rb 0.06842 0.05471 0.04956 0.05532 0.05144 13.2%

Y 0.02148 0.02206 0.02266 0.02249 0.02202 2.1%

Zr 0.36716 0.37068 0.38913 0.37247 0.37130 2.3%

Mo 0.01036 0.00618 0.00964 0.00590 0.00499 32.6%

Ba 0.26823 0.25225 0.25665 0.25212 0.23285 5.1%

La 0.03309 0.03368 0.03455 0.03476 0.03228 3.1%

Ce 0.09057 0.08784 0.08685 0.09900 0.08458 6.2%

Phase 111

Sample and peak/Sr for each replicate (n=5) RSD %

NIST 612

Y 0.46124 0.45984 0.46893 0.45687 0.45574 1.1%

Zr 0.23138 0.23508 0.23328 0.22704 0.23154 1.3%

Ba 0.52378 0.53865 0.52422 0.52213 0.54552 2.0%

La 0.60107 0.59872 0.57807 0.58658 0.59632 1.6%

Ce 0.73008 0.72518 0.70878 0.70323 0.71892 1. 6%

SSBrougham

Y 0.02814 0.02760 0.02822 0.02844 0.02752 1.4%

Zr 0.99588 0.97983 1.00389 1.01014 1.00165 1.2%

Ba 0.26023 0.2071 1 0.20885 0.20186 0.20446 11.4%

La 0.03097 0.02822 0.02827 0.02662 0.02633 6.6%

Ce 0.07629 0.06678 0.06047 0.05818 0.05836 12.0%
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Table 3, continued. Sr—normalized Peak Heights for analyses.

Zr

Ba

La

Ce

Zr

Ba

La

Ce

Zr

Ba

La

Ce

Zr

Ba

La

Ce

Zr

Ba

La

Ce

Zr

Ba

La

Ce

Zr

Ba

La

Ce

SSBrougham-float

0.02916

1 . 10373

0.20893

0.02827

0.05917

89Sundance

0.06414

0.76770

0.31991

0.07346

0.15916

89Sundance-float

0.06452

0.73644

0.26680

0.06634

0.14583

94Metro

0.03502

0.68983

0.17839

0.04415

0.14716

94Metro-float

0.03408

0.65288

0.17803

0.04502

0. 141 55

9OSunbird

0.02507

0.40343

0.23556

0.06785

0.09302

9OSunbird-float

0.02405

0.40728

0.23638

0.03588

0.08417

0.02924

1.10724

0.28705

0.02661

0.06212

0.06501

0.74801

0.28210

0.07598

0.15013

0.06850

0.78412

0.26928

0.07097

0.14227

0.03594

0.70041

0.17343

0.04447

0.14215

0.03534

0.66554

0.16908

0.04389

0.13904

0.02589

0.40193

0.21910

0.03857

0.08603

0.02677

0.41518

0.22132

0.03876

0.08461

0.02952

1.1 1818

0.2061 1

0.02682

0.05378

0.06791

0.78686

0.28137

0.07169

0.14397

0.0661 1

0.78224

0.26651

0.0731 1

0.14850

0.03692

0.68880

0.17083

0.04469

0.14227

0.03599

0.69552

0.17669

0.04545

0.13965

0.02626

0.40777

0.22804

0.03856

0.08829

0.02467

0.41545

0.22122

0.03925

0.08625

17

0.02813

1 .06757

0.20403

0.02661

0.05629

0.06615

0.77094

0.2743 1

0.07096

0.14299

0.06884

0.80346

0.27526

0.07276

0.14271

0.03575

0.70881

0.17790

0.04524

0.14209

0.03674

0.66802

0.17068

0.04132

0.13770

0.02632

0.41634

0.231 15

0.03848

0.08699

0.02660

0.42691

0.22310

0.03926

0.08406

0.02892

1 .10663

0.20163

0.02594

0.05665

0.06601

0.76171

0.27080

0.07065

0.14642

0.06785

0.76869

0.26991

0.07270

0.14755

0.03496

0.71257

0.17547

0.04389

0.14124

0.03381

0.65499

0.17579

0.04302

0.141 15

0.02638

0.41796

0.22605

0.03799

0.08635

0.02570

0.41712

0.21371

0.03680

0.08392

1.8%

1.8%

16.6%

3.2%

5.5%

2.1%

1.8%

6.9%

3.0%

4.4%

2. 7%

3.2%

1.3%

4.0%

1.9%

2.2%

1.5%

1.8%

1.2%

1.7%

3.5%

2.6%

2.3%

3.8%

1.1%

2.1%

1.8%

2. 7%

29. 7%

3.2%

4.6%

1.7%

3.7%

4.1%

1.1%



importance of replicate values is apparent, as when the first of the five replicates is

removed, the precision RSD decreases to 0.7%. Graphical plots of the data allow for

quick recognition of such uncommon imprecise analyses by comparing relative

proportions of each element in a sample.

Element proportions were compared using ternary diagrams plotted with IgPet

for Windows®, a geological plotting software package (Terra Sofia Inc., New Jersey,

USA). In each diagram, integrated peak heights are plotted for three elements. The

location of a sample in the triangle represents the relative proportion of each of the three

elements with respect to the other two. Therefore a sample plotting in the center of the

triangle, equidistant from each of the three apexes (X, Y, and Z), would have a relative

composition of approximately 33.3% X, 33.3% Y and 33.3% Z.

Precision and Discrimination

The results from the first set of analyses (Phase I) on six unknown fragments

and NIST 612 are presented in Figure 1, showing relative peak heights of Zr, La and Ba

for each sample. Each symbol represents one analysis for the non-float side of a given

fragment. Each sample was ablated five times to determine precision. Precision for this

set of analyses is good (except for Rb and M0 in several samples, as described above).

Aside from low RSD values (Table 3), the precision can be evaluated graphically by the

relatively tight grouping of replicate analyses in Figure 1. Notice that the only two

samples that are not clearly differentiated by ratios of these three elements are

89GrandAm and 93Cav. Both samples have relatively low counts of La, plotting near the

Zr—Ba axis with similar proportions of those two elements. In this diagram, the samples
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overlap within the range of the precision of the samples and cannot be clearly

differentiated. However, when La is replaced with a more abundant element, Sr, the two

samples separate (Figure 2). Using only these three elements (Zr-Sr-Ba), all six unknown

samples can be clearly differentiated.

Although the precision decreased slightly for several elements in select

samples, the results from analyses of the float side of the same six unknown fragments in

Phase II were very similar to those from Phase I. The RSD values for replicate

measurements remained less than 10% for all elements (Table 3). Using the same Zr-Sr-

Ba plot as used for the non-float analyses (Figure 2), all Six samples are still clearly

distinguished from one another, even with slightly lower precision (Figure 3). In this

diagram, for example, one of the five 93Cav (open squares) analyses plots slightly closer

toward the Sr-Ba axis than the others, which is reflected in the slightly higher RSD value

(7.6% vs.5.1% in Phase I, Table 3). However, the significant overlap of this data point

with other replicate measurements for the sample forms a tight cluster that is plainly

dissimilar from other samples.

Analyses from the non-float (Phase I) and float (Phase II) sides, which were

acquired eight months apart, are shown together in Figure 4. Note that although there is

slight drift for some samples (e.g. 95Cont), the range for all samples remains quite

narrow. Analyses for individual samples still form distinct clusters. Table 4 gives

precision RSD values for elements in each sample using analyses from both Phase I and

Phase II. RSD values remain below 10%, with the exception of a value of 10.1% RSD for

Ce in one sample (9OBeretta). Remarkably, the molten tin in the float process does not
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appear to affect the measured trace element ratios of the glass by imparting additional

elements to the float side, as is observed with Sn.

Results for the analyses of the second subset of samples in Phase III of the

experiment are given in Figure 5. Data points include five analyses conducted on the

float side and five analyses of the non-float side of each sample for a total of 10 analyses.

Note that a different set of elements is used in this comparison (Sr-Y-Zr) than in Figures

2-4 (Zr-Sr-Ba), as they provided the better discrimination between all four samples. The

four samples plot in distinct groups, with slight overlap between two samples

(89Sundance and 94Metro). Again, using another group of elements (e.g. Ce-Ba-La,

inset Figure 5), these samples can be clearly separated. However, samples with roughly

similar peak heights of one element can also be differentiated by modifying the relative

value of the component, as suggested by Watling et al. (1997). Figure 6 demonstrates

this effect by multiplying Y by a factor of ten. All peak values are multiplied by the

same value, resulting in separation of different groups while maintaining the precision of

replicate measurements.

Figure 7 shows the entire set of ten samples. Note that only two samples,

90Accord and 9OSunbird, cannot be excluded as having come from the same source.

Using the six elements in the abbreviated menu (”Sr, 89Y, 9°Zr, 138Ba, 139La, and 140Ce)

and four additional isotopes (“TL 55Mn, me, and 208Pb), these two samples could not be

distinguished from one another graphically. However, the samples were known to be

different based on thickness measurements (90Accord, 2.04 mm; and 9OSunbird, 2.24

mm). The samples were also discriminated using simple t-tests comparing population

means of measured elemental ratios in each sample at the 95% confidence level (P<0.05).
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There are two feasible explanations for the similarity of these two samples.

First, the samples may have come from completely different sources and by chance have

a trace element composition that cannot readily be differentiated using the graphical

method. Alternatively, the glasses may have come from the same manufacturer, having

been produced at different times on the same float line (explaining the different

thicknesses but similar trace element compositions). However, the vehicles from which

these samples originated were manufactured in Sayama, Japan (90Accord) and

Lordstown, OH, USA (9OSunbird). Unless the glass from the 1990 Accord was installed

after-market, it appears unlikely that the second option is the case. The Similarity of

these two samples merits further investigation, as the first Option is the preferred

explanation.

Precision and Sample Homogeneity

In each of the second and third phases of the experiment, a cross-sectional

traverse of one fragment was conducted to ensure reproducibility of measurements

through the thickness of the sample. In Phase 11, sample 86LabGTS was ablated 13 times

in a line perpendicular to its parallel sides, with ablation spots 300 um apart. Figure 8

shows a schematic diagram of the fragment and distance between ablation points plotted

against raw peak heights (in counts) for Ce and Y, as well as ratios for Ce/Sr and Y/Sr.

There is variability from analysis to analysis in the raw peak heights for each element

(Figure 8a), but normalization to one element (Sr) has a smoothing effect on the data

(Figure 8b). Although many factors influence elemental signals in an analysis (laser

power, sample coupling, etc.), the ratio of counts between two elements should remain
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approximately constant, assuming minimal fractionation effects (Trejos and Almirall,

2004). This effect is observed in the relatively flat profiles in Figure 8b.

Similar profiles are seen for a cross section of sample 94Metro (Figure 9),

which was analyzed in Phase III, seven months after the cross-section for sample

86LabGTS. Again, ablation spots were spaced 300 um apart. The inconsistency of

analyses in terms of raw peak counts for La and Ba (Figure 9a) is greatly diminished

when analyses are normalized to Sr (Figure 9b). Given the relatively flat profiles in

Figures 8b and 9b, replicate measurements of trace element ratios through sample

transects are considered both precise and homogeneous. The precision RSD values (”Sr-

norrnalized) for all elements within an entire transect are ~5% or less (Table 5). In

addition to the compositional homogeneity demonstrated between the float and non-float

sides of fragments in the previous section, these results show that the technique is precise

even in cases where no parallel sides are present, as is often true of casework samples,

where only irregularly shaped questioned fragments are found.

APPLICATION OF THE METHOD: CASEWORK EXAMPLES

Since completion of the experiments and evaluation of the results, the technique

has been applied to casework for the Michigan State Police Forensic Laboratory in

Lansing, MI, USA. In cases where fragments cannot be discriminated on the basis of

physical properties, such as refractive index, or major element composition as determined

by SEM-EDS, trace element ratios are determined by LA-ICP-MS. The following case

examples demonstrate the discriminatory and associative power of the method. In cases

where an exclusion is made, the analytical scheme is improved by eliminating Type II
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errors. In cases where an inclusion is inferred, the association between glass fragments is

greatly improved by reducing the size of the class to which they belong.

Case #1 .' Lansing, MI Homicide

A 26 year-old man from Lansing, Michigan was accused of shooting and killing

his former wife. She was found dead on a sidewalk, several meters from her parked

vehicle and just two blocks from her home. Two samples were submitted: one

questioned fragment removed from the victim’s scalp and multiple known fragments

taken from her vehicle. The questioned fragment, three fragments of the known glass,

and NIST 612 were analyzed in triplicate to demonstrate reproducibility of

measurements. Figure 10 shows one of the diagrams used to conclude that the known

and the questioned fragments were consistent in elemental composition and could have

come from the same source. Replicate analyses for each sample plot directly on top of

one another, and no combination of the six elements (sssr, 89Y, 90Zr, 138Ba, 139La, and

140Ce) provided discrimination between the samples.

Case #2: Saginaw, MI Homicide

A 20 year-old resident of Saginaw, Michigan, was accused of breaking and

entering the home of elderly man in December of 2003, killing the homeowner during the

suspected robbery and then stealing the man’s vehicle. Three samples were submitted for

comparison: one known glass fragment obtained from the south window of the home, one

questioned glass fragment found on the front porch of the home, and a second questioned

fragment removed from the handle of a hammer that was suspected to have been used to
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gain entry into the home through the boarded south window. Again, all three fragments

and NIST 612 were ablated three times each demonstrate reproducibility, especially on

the fragment from the hammer handle, which was irregularly shaped and less than 1 mm

in its largest dimension. In this case, one of the questioned fragments could be

distinguished from the known fragment (Q Hammer) while the other (Q Front Porch)

could not (Figure 11). It was concluded that the questioned fragment from the hammer

handle did not originate from the same source as the known fragment, while the fragment

from the front porch could have come from that source.

Case #3 .° Dundee, M1 Breaking and Entering

A 19 year-old resident of Dundee Village, Michigan, was accused of breaking a

storefront window to gain access into a local convenience store. Two samples were

submitted for analysis: one known glass fragment taken from the window frame at the

point of entry and one questioned glass fragment taken from the toe area of the suspect’s

shoe. As in the previous examples, the questioned fi'agment, known fragment, and NIST

612 were ablated three times each. In this case, the questioned and known fragments

were easily discriminated (Figure 12) and it was concluded the fragments did not share a

common origin.

CONCLUSIONS AND FUTURE WORK

With the benefits of efficient analyses and essentially no sample preparation,

LA-ICP-MS is an ideally suited for the discrimination of glass fragments. As an

additional step in traditional analytical schemes involving measurement of refractive
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index, trace elemental analyses can help reduce Type II errors (or false inclusions) and

improve the associative value of comparisons when samples cannot be discriminated.

The range of refractive index values has become increasingly small in float glasses since

about the early 1960’s (Koons and Buscaglia, 2001, and references therein). However,

the class size is significantly smaller for trace element composition of glasses, as

demonstrated by the shrinking number of indistinguishable pairs of unknowns for a given

sample suite when using chemical composition in addition to refractive index (Trejos et

al., 2003; Duckworth et al., 2002).

There are several goals for maximizing the discriminatory and associative

power of LA-ICP-MS glass comparisons by this method. The first is the general aim of

all LA applications: improve the efficiency of sample ablation and delivery of the sample

to the plasma. It has been demonstrated that newer laser ablation systems can improve

laser-sample coupling, and therefore analytical precision (e.g. CETAC LSX-200® vs.

LSX-500®, Trejos and Almirall, 2004). Variables such as crater shape, carrier gas types,

mixture ratios, and flow rates have also been studied to improve performance (Russo et

a1, 2002, and references therein). As forensic glass samples are ofien microscopic, these

parameters must often be optimized for the smallest spot Size possible to obtain the most

information from the sample.

For relatively short ablation times, the precision of an analysis decreases with a

smaller amount of sample delivered to the ICP-MS (i.e. smaller spot size). Similarly, for

the same amount of material, precision will decrease with a longer list of elements in the

menu, as less time is Spent scanning for any given mass-to-charge ratio (m/z). Therefore,

the selection of discriminatory elements is particularly important for comparisons.
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Maximizing the number of abundant elements in glasses while ensuring adequate dwell

time for each element is a second goal for improving the technique. For example, the

menu of six elements in the present work (gsSr, 89Y, 90Zr, 138Ba, 139La, and 140Ce) is

currently being modified to include three additional, highly discriminatory isot0pes (46Ti,

55Mn, me, 208Pb) based partly on the work of Trejos and Almirall (2004) and Tejos et

al. (2003).

In addition to demonstrating the wide range of trace element ratios observed in

various float glass fragments, this study demonstrates the usefulness of LA-ICP-MS

analysis in routine casework. Glass fragments have been shown to be homogeneous with

respect to trace element composition, and within the precision of the technique.

Although the cost of operation and maintenance has been cited as a drawback for LA-

ICP-MS, the lack of sample preparation and short analysis time (even with replicates)

compensates for the expense. The method is designed to be an efficient comparative tool

for the forensic analyst, and by no means are the data used to quantitatively compare

samples using robust statistical tests. The graphical technique of ratio comparisons is

exactly that: a demonstrably precise semi-quantitative comparative tool.
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