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ABSTRACT: The value of source-type classification for small fragments of glass encountered in 
trace evidence casework is restressed. The incorporation of classification techniques into the clas- 
sical refractive index/density comparison scheme is described. The techniques employed are ap- 
plications of those developed by the British forensic science community over the past 5 years, 
targeted at differentiating the 2 most common end-use types of soda-lime-silicate glasses encoun- 
tered in casework--sheet glass and container glass. The results of method verification studies on 
30 window glass specimens for tempered/nontempered classification and on 140 window and 
container glass specimens for sheet/container classification are reported. Although some limita- 
tions were revealed with the domestic samples used, the overall success of the approach was 
established. 

KEYWORDS: forensic science, glass, trace evidence, glass classification, sheet glass, container 
glass, tempered glass 

The probative value of minute particles of glass adhering to a defendant 's or victim's 
clothing has been recognized for several decades [1]. Comparison of these fragments with a 
questioned source is common practice in many forensic science laboratories. Generally ac- 
cepted techniques include comparison of physical, optical, and more recently, chemical 
characteristics. 

Physical characteristics include color, transparency, fluorescence, thickness, surface 
characteristics, and density. Optical characteristics involve determinations of refractive in- 
dex and dispersion. The additional value of trace elemental analysis in the discrimination of 
glass specimens undifferentiable by physical and optical comparisons has been demon- 
strated by a variety of techniques [2-11 ]. Specimen size, the impact of exemplar destruction, 
and instrument availability must all, however, be taken into consideration. 

The British forensic science community has put forth a concerted effort in developing a 
scheme for the general classification of minute glass particles commonly encountered in fo- 
rensic science investigations. Although refractive index determinations usually suffice for 
the recognition of the borosilicate glasses found in motor vehicle headlamps [12], the higher 
refractive index ophthalmic glasses, and the alkali-barium-silicate glasses (as used in televi- 
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sion tube panels) [13], a nagging problem has been encountered in the potential source clas- 
sification of the ubiquitous soda-lime-silicate glasses found in sheet glass, container glass, 
and tableware glass [2, 6, 7,10,13-21] (Fig. 1). These latter three end-use types of glass often 
have overlapping physical and optical characteristics and are likely to be encountered in 
random debris [22, 23], with tableware being the most unlikely of the three. For the purpose 
of this paper, tableware glass will be considered to be a type of container glass. 

By far the most common situation in forensic glass comparisons in the United States in- 
volves the breaking of sheet glass, as found in windows and display cases. Thus, evidential 
significance would be greatly enhanced if the examiner could classify minute fragments re- 
covered from a defendant's clothing as being sheet glass, as opposed to container glass. A 
similar situation occurs in hit-and-run cases where the suspect vehicle's windshield or side 
windows are broken and glass particles are recovered from the victim's clothing. In both of 
these instances, classification of the recovered fragments as sheet (window) glass would not 
only simplify initial direct testimony, but would also enable a more meaningful assessment of 
the evidential value of a match between a source of sheet glass and the questioned glass 
fragments. 

Frequency of occurrence of physical and optical characteristics of flat (sheet) glass sources 
has been accumulated by law enforcement laboratories. One can cite this frequency as an 
indicator of the likelihood of randomly encountering a particular type of glass. However, if 
the analyst cannot assure himself that the questioned fragments recovered from the gar- 
ments of a suspect or victim originated from a sheet glass source, the application of this 
frequency of occurrence to those questioned fragments is somewhat tenuous [23-25]. An 
alibi involving contact with container glass fragments, whether it be from a specific source or 
from general contamination, is not so far out of the ordinary that it should be dismissed. One 
may then ask, What is the frequency of occurrence of this type of container glass? Could the 
questioned fragments be a common type of container glass as opposed to a relatively uncom- 
mon type of sheet glass? Classification as sheet glass limits the likelihood of random contam- 
ination (how frequently does one's clothing come into intimate contact with broken window 
glass resulting in a significant transfer of that material?) and permits the extension 
of frequency-of-occurrence evaluation to the questioned fragments as well as to the sheet 
glass standard. 

Background Information 

A bulk of the classification research work performed to date indicates that magnesium 
and iron are good semiquantitative marker elements for the discrimination of sheet glass 
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FIG. 1--General refractive index ranges of source types of glass. 
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versus container glass [6, 7,10,14-19]. It is also suggested that arsenic and barium can be 
utilized as additional classifying elements [10,15-19]. Details can be found in the respective 
references. 

Although semiquantitative determination of elemental constituents provides a reasonably 
reliable classification of small soda-lime-silicate glass fragments, three other techniques 
have also been developed which provide equally reliable classification without the need for 
use of elaborate instrumentation. First of all, Underhill [26] reported a technique for recog- 
nizing float glass via microscopic observation. Float glass, a particular type of sheet glass, 
thus has characteristics which afford a means of classification. Confirmation of a thin de- 
posit of tin on the float surface of the minute particle can be effected by means of scanning 
electron microscope/X-ray fluorescence microprobe (SEM-microprobe) techniques if de- 
sired. Secondly, Locke et al. 2 reported a technique for the classification of minute glass par- 
ticles as tempered versus nontempered. The approach involves the determination of refrac- 
tive index both before and after laboratory annealing. In that tempered glass is found only in 
sheet glass applications (container glass did not yield "tempered" results), a fragment which 
classifies as tempered would also qualify as a type of sheet glass. Finally, Locke [27] has also 
reported the use of a microscopic interferometer to study the surface topology of minute 
glass fragments. Interference fringes produce patterns which permit the differentiation of 
sheet glass and container glass if surface fragments are present in the questioned material. 

Use of the "microscopic" classification techniques provides a simpler and less expensive 
approach to the classification problem, although not an all-encompassing solution. The first 
two techniques referenced above permit a more specific classification of subgroups of sheet 
glass (for example, float and tempered), but are not effective for classifying sheet/nonsheet 
glasses which do not fall into the specific subgroups. The third method is more generally 
applicable for sheet/nonsheet classification, but is effective only when surface fragments are 
present in the recovered debris. 

Analytical Approach 

Concepts taken from the classification methods developed in England were incorporated 
into existing examination procedures. Developed techniques were essentially added to the 
existing physical and optical comparisons routinely employed in glass particle examinations. 
The additions are comprised primarily of elemental analyses for the estimation of magne- 
sium and iron levels and an annealing process designed to detect the degree of residual stress 
as evidenced by the change in the refractive index brought on by annealing. 

Initially, questioned and standard glass fragments are compared for physical attributes 
such as color, transparency, thickness (if full thickness fragments are present), and surface 
characteristics. The fragments are then compared for fluorescence under shortwave ultravio- 
let light. Float sheet glass fluoresces strongly on the surface that is exposed to the molten tin 
during the manufacturing process. 

At this point, indistinguishable specimens are compared by optical and density character- 
istics. The procedure closely follows that set out by Miller [20]. The double-variation method 
is used for refractive index and dispersion measurements. The sink/float technique, in con- 
junction with vacuum transfer of the balance liquid to a Mettler DMA 46 density meter, is 
used for density measurements. Particular attention is paid to viewing several particles dur- 
ing the refractive index determination in an attempt to assess source variations as well as to 
detect the presence of Underhill's "tramlines" [26], which are taken to be characteristic of 
float sheet glass. 

Corresponding fragments are subsequently recovered and washed in acetone. They are 

2j. Locke, D. G. Sanger, and G. Roopnarine, "The Identification of Toughened Glass by Annealing, 
Home Office Central Research Establishment Report 421, 1981. 
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then mounted on graphite SEM stubs using a minimum of carbon-conductive paint 3 to tack 
them onto the stub's surface. One should be careful to select the orientation such that the 
area to be analyzed is as close to parallel to the stub surface as possible. Variations in takeoff 
angles of as much as _ 15 ~ have not altered the calcium-to-magnesium (Ca/Mg) peak ratios 
to the point of affecting classification. The SEM stub, with adhering uncoated glass parti- 
cles, is then placed into an oven to dry at approximately 70~ It is then introduced into an 
AMR 1000 scanning electron microscope equipped with an EDAX PV9100/70 X-ray fluo- 
rescence spectrometer. Each particle is subjected to a 20-kV electron beam after being posi- 
tioned at a 12-mm working distance with a 45 ~ stage tilt. Data are collected until a 40 000 
count preset on the calcium Ks window is satisfied. Ca/Mg ratios are determined following 
background subtraction and peak intensity calculation. These ratios are subsequently used 
for sheet/container glass classifications. 

The particles are removed from the SEM stub by placing a drop of acetone on the stub 
surface and retrieving the fragments following acetone dissolution of the mounting paint. 
They are then washed and rinsed in clean acetone. The glass fragments are then tacked onto 
Kapton X-ray film 4 using either carbon-conductive paint or clear nail polish, s Care is taken 
to minimize the amount of mounting medium used so as to prevent capillary draw of the 
liquid past the edges of the particles when they are placed onto the droplets. Again, efforts 
are made to orient specimens with their flattest surface parallel to the film surface in an 
effort to reduce variations resulting from takeoff angle effects. The mounting medium is 
permitted to dry before stretching the film across an aperture, cut out of a plastic frame, and 
affixing it with transparent tape (Fig. 2). 

The specimen assembly is placed into the chamber of an EDAX PV9500 X-ray fluores- 
cence spectrometer in an inverted position so that the particles are in the direct path of the 
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FIG. 2--X-ray fluorescenee (XRF) specimen mounts. 

"~TV Tube Koat, Ted Pella, Inc., P.O. Box 510, Tustin, CA 92681. 
4Kapton X-ray film, Spex Industries, Inc., 3880 Kark Ave., Metuchen, NJ 08840. 
SCutex Nail Polish, #07 Colorless Cream. 
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X-ray tube and energy-dispersive detector, which lie below the specimen plane. Initially, the 
specimens were manually centered in the chamber before each particle analysis; however, 
the subsequent installation of an automated precision x-y stage 6 permits specimens to be 
consecutively positioned in the beam (+_ 0.1 mm) without visual alignment or chamber open- 
ing. The particles are subjected to an X-ray beam, in vacuo, which has been collimated to 3 
mm. The beam is supplied by a rhodium target X-ray tube operated at a potential of 35 kV 
and a current of 500/~A. No primary filter is used. Data are collected until a 40 000 count 
preset on the calcium K~ peak is satisfied. Background is subtracted and peak intensities are 
determined for all elements detected. Calcium/iron (Ca/Fe) ratios are then calculated and 
used for sheet/container classifications. Overall elemental profiles are used for comparison 
purposes, keeping in mind the limitations of the technique for small, irregularly shaped 
specimens [10]. 

Corresponding fragments are recovered from the X-ray film by acetone wetting and then 
washed with acetone in ultrasonic agitation. In that the next portion of the examination will 
result in a change in the evidence's physical and optical properties, only a portion of the 
particle is broken off and used. If this is not possible, the whole particle must be used. Con- 
sidering evidence preservation requirements, a judicious decision concerning representative 
sampling may be in order at this point. 

The specimens are placed into chambers in a stainless steel annealing block like that de- 
scribed by Locke [28]. The block, holding both questioned and standard glass fragments, is 
placed into a Thermolyne Model 1400 muffle furnace and subjected to an annealing routine 
consisting of heating to 550~ holding for 1 h, then shutting off the power and permitting 
the furnace to cool slowly at its own rate. The particles are then recovered and rebroken to 
permit the determination of their refractive index at the sodium D line (589 nm) using the 
same method as employed for the initial refractive index and dispersion determinations. The 
change in refractive index (AND) is calculated and used to classify the respective particle as 
tempered or nontempered. If necessary, fragments may be recovered from the silicone im- 
mersion oil and washed in acetone. 

Discussion 

The comparison of physical and optical attributes in the discrimination of similar glass 
samples has been well documented over the past 35 years. In that this work is intended to 
focus on the incorporation of additional methods of source classification into the analytical 
scheme currently used for forensic glass comparison, I will not dwell on justifications for the 
use of density, refractive index, and dispersion characteristics in the analytical approach. 
Suffice it to say that I have learned from the data of Miller [20] and have heeded the warning 
of Stoney and Thornton [29] concerning the failure to make the distinction between ultimate 
discrimination power and the usefulness of particular properties for individualization. 

The location of flat surfaces on glass particles is difficult. Recognition of fragments with 
such surfaces provides valuable information, including potential sheet glass classification or 
float sheet glass classification. As noted by Zoro [30], as many as one third of the backward- 
flying fragments originating from a broken window have some of the original flat surface 
present. The present author has not yet acquired the interference objective described by 
Locke [27], but is convinced of its application for sheet glass recognition based on prelimi- 
nary investigations. In its absence, the location of flat surfaces on surface particles is pur- 
sued by the search for the flash of reflected light and for featureless surface topology while 
tipping the fragment under stereoscopic observation with low-angle oblique lighting. This 
has proven relatively successful in properly orienting particles for shortwave ultraviolet light 

~GTP X-Y Positional Control System, G.T.P. Engineering Co., Ltd., supplied through EDAX Inter- 
national, Prairie View, IL. 
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fluorescence examination in an effort to identify float glass surfaces. Good correlation has 
been found between observed fluorescence and subsequent observation of Underhill 's  
"tramlines" [26] during refractive index determinations. Identification of surface tin de- 
posits via SEM-microprobe examination has served to further substantiate the float glass 
classification. This method is one very effective way of determining that questioned glass 
fragments originated from a sheet glass source. 

Occasionally, when larger glass fragments are encountered, stereomicroscopic examina- 
tion will reveal the characteristic shape or fracture surface morphology of tempered glass. 
The general cube shape, along with the multiple hackle and conchoidal striae on the fracture 
surface (mirror-imaged on either side of a central thickness frost line), is sufficient for classi- 
fication as tempered glass (Fig. 3). The forensic glass examiner encounters tempered glass i n  
store windows, glass doors, display cases, residential sliding glass doors, and vehicle side and 
rear windows. All of these end-use applications are of a sheet glass nature. The tempered 
glass morphology is not seen in container glass. It may be encountered in ophthalmic glass; 
however, thickness variations are usually a good preliminary indication of this type of appli- 
cation. Thus, the classification of tempered glass discriminates between sheet glass and con- 
tainer glass. 

Unfortunately, a majority of forensic glass cases are confined to questioned fragments 
smaller than 1 mm in length and often weighing as little as 50 to 100 #g [22.30-32]. A desire 
to still be able to classify these tiny fragments as tempered or nontempered prompted the 
evaluation of the method proposed by Locke et al.2 This method contrasts residual stress in 
tempered versus nontempered particles by monitoring refractive index both before and after 
laboratory annealing. As mentioned in the Analytical Approach section, the technique does 
alter the optical and physical properties of the evidence particle; however, its potential for 
small specimen size requirements permits splitting of the specimen for preservation of evi- 
dence. If the specimen size is too small for splitting and the decision to alter the evidence is 
considered to be the best approach, the technique can be performed following all other non- 
destructive examinations described and still maintain at least the general form of the origi- 
nal evidential material. 

Central Frost Line 

l 

M/rror-imaged 
Hackle Lines 

FIG. 3--Tempered glass fragment morphology. 
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Initial evaluation of the technique was performed using the original methodology reported 
by Locke et al. 2 This technique used small crucibles and an overnight hold of the furnace 
temperature at the annealing point, as contrasted to the present method [28] utilizing a 
stainless steel annealing block with only a 1-h hold at the annealing point. Approximately 30 
specimens of architectural and motor vehicle window glasses were tested, including tem- 
pered and nontempered float, tempered and nontempered nonfloat, and laminated vehicle 
windshield. The results can be seen in Fig. 4. As reported by Locke et al.,2 a marked discrim- 
ination between tempered and nontempered glass was observed. However, the observed de- 
marcation of the change in refractive index (AND) in this study was at 125 • 10-s as opposed 
to that of Locke, which fell at 150 • 10 -s  (Fig. 5). This is probably due to differences in the 
furnaces, as evidenced by oven cooidown in 3 h rather than 5 h. As noted by Locke, the 
slower the oven cooldown, the greater the AnD. 

Locke's work also demonstrated excellent classification for "toughened windscreens. ''2 
Vehicles in the United States use partially tempered laminated glass as windshields, with 
tempered glass used in side and rear windows [20, 33]. This manufacturing thermal history is 
apparent in the AnD observed in the eight windshield glasses tested. Referring to Fig. 4, it 
can be seen that this type of glass defies the classification scheme. This is not surprising 
when one remembers that these glasses are manufactured with varying degrees of tempering. 

Consequently, the method proposed by Locke et al. 2 seems to work very nicely. Glass spec- 

200 

m 

I.O 
! 

o 
To 

X 

C 

5 0  

D ~ "~ 

r"t 

m e t  

vehicle windshield 
(n=8) 

�9 tempered window 
(n=6) 

non-tempered 
0 window (n=7) 

O tempered float 
window (n=6) 

~non-tempered 
float window (n=4) 

i 

0 

It 

e 

0 &A 

0 

& 

o 

0 

0 

I I I I 

1.515 1.520 1.525 1.530 

n D 

FIG.  4--Change in refractive index with laboratory annealing of class types of glass--domestic study. 



RYLAND , FORENSIC GLASS COMPARISONS 1321 

tO 
I 

O 

e~ 
c 
<1 

200' 

150" 

i00" 

50' 

4 

IS 0 0 
~Oe �9 �9 

0 

A 
s 

06. " 

~ A  ~ G  

0 

"A ,.I 
DD~ 
tl 

D A CIG O 

O ~ %~ 
O 

0 

0 0 

eo 

KEY 

containers 
0 (n=20) 

non-float 
windows (n=20) 

float windows 
D (n=20) 

�9 tempered auto 
windows (n=25) 

a 

& 

& 

0 

l I I 

1.515 1.520 1.525 

n D 

FIG. S--Change in refractive index with laboratory annealing of class types of glass--HOCRE 
Sl l tdy .  2 

imens exhibiting a AnD above the demarcation line can be classified as having originated 
from a tempered sheet glass, while glasses exhibiting a AnD below the demarcation line can 
be classified as having originated from a nontempered origin or a partially tempered lami- 
nated vehicle windshield. Thus, another specific type of sheet glass can be recognized on the 
particle level--tempered glass. 

Following Locke's published refinement of the annealing method [28], further tests were 
performed to verify the use of his annealing block with short annealing point holds. The 
method was adopted, as described in the Analytical Approach section, following results indi- 
cating improved precision (Ant) variance on the order of 1 • 10-4). The reduced run time 
had only a slight effect on the Ant) demarcation threshold for tempered/nontempered classi- 
fication, reducing it from 12.5 X 10 -4 to 11.5 X 10 -4. 

In a further attempt to achieve source classification on a routine basis, work was initiated 
to verify sheet/container classification based on semiquantitative analysis of magnesium and 
iron in small glass particles. The ultimate desire to maintain evidence integrity via nonde- 
structive instrumental techniques led to the use of X-ray fluorescence spectroscopy. The ap- 
proach was patterned after the work done by Howden et al. [10], and Keeley and Christo- 
tides [161. 

The SEM-microprobe is suited particularly well for nondestructive small specimen ele- 
mental analysis. Unfortunately, it suffers lower limit of detection constraints such that only 
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the major elements in soda-lime-silicate glasses can be detected. The magnesium levels, nor- 
mally around 1 to 2% [2,15,16], are easily detected while the iron levels, normally around 
0.01 to 0.2% [2,15.16], quite often escape the detection threshold of approximately 0.1%. 
To offset this problem, Keeley and Christofides proposed using the SEM-microprobe for 
magnesium level determination and a small sample X-ray fluorescence spectrometer (XRF) 
for iron level determination [16]. The two techniques are complementary. First of all, both 
are nondestructive. Secondly, while the instrument using particle excitation (SEM-micro- 
probe) provides poor sensitivity for higher atomic weight elements, it does offer improved 
sensitivity for the lower atomic weight elements. In contrast, the instrument using photon 
excitation (XRF spectrometer) is not limited by Bremsstrahlung and offers much greater 
sensitivity for higher atomic weight elements. This technique, however, suffers detection 
constraints for the lower atomic weight elements as a result of penetration, excitation effi- 
ciency, and scatter effects. Thus, where the one is weak the other is strong. 

SEM-microprobe is run as an initial elemental screening technique., Specimen prepara- 
tion is quite simple and was chosen for speed, not optical quality. The technique was found 
to work quite well within the constraints of the proposed classification scheme. To determine 
their calcium-to-magnesium ratios 140 glass specimens were analyzed. They consisted of 65 
sheet glass specimens, 65 bottle/jar glass specimens, and 10 tableware specimens. The sheet 
glass specimens included float, nonfloat, tempered, nontempered, plate, tinted plate, and 
laminated types over a wide range of refractive indices ( n  D ~ 1.5130 to 1.5270). No attempt 
was made to correlate the Ca/Mg ratio to refractive index. 

Initial investigations into the literature revealed that magnesium levels in sheet glass are 
normally 2% or greater, while those in colorless container glass are normally 1% or less 
[2.14,15,17]. Later publications seem to substantiate this information [18,19]. To get some 
idea of how well suited this technique is for discriminating these levels of magnesium, two 
Standard Reference Materials (SRM) from the National Bureau of Standards were chosen. 
They include SRM 1831, a sheet glass specimen with a magnesium level of 3.5%, and SRM 
621, a container glass specimen with a magnesium level of 0.27%.7 Their spectra can be seen 
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FIG. 6a--SEM microprobe X-ray 
fluorescence spectrum of SRM 1831 
sheet glass. 

FIG. 6b--SEM microprobe X-ray 
fluorescence spectrum of SRM 621 
container glass. 

7Standard Reference Materials, National Bureau of Standards, U.S. Department of Commerce, 
Washington, DC. 
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in Figs. 6a and 6b. As one can see, the magnesium K~ peak (1.253 keV) in the sheet glass 
can be readily seen, whereas it is barely detectable in the container glass. The detection limit 
in this matrix is just about optimum for the levels encountered in the glass specimens. The 
Ca/Mg ratios are 5.6 and 140.6, respectively. 

In running the 140 specimens, it was quickly seen that a similar trend was developing. A 
majority of the container glasses had barely detectable magnesium levels (Fig. 7). Several 
were seen to overlap into the medium to elevated levels of the sheet glasses (Fig. 8). The 
magnesium peak area was ratioed to the calcium peak area in an effort to reduce peak inten- 
sity variations as a result of slight differences in takeoff angles and beam current conditions. 
Peak areas were expressed as counts per second so as to normalize live time differences. The 
upper limit of the sheet glass Ca/Mg ratios was 13. Using 15 as the demarcation threshold 
between sheet and container Ca/Mg ratios, 61 container glasses (55 bottle/jar and 6 table- 
ware) fell into the upper category and 79 glasses (65 sheet, 10 bottle/jar, and 4 tableware) fell 
into the lower category (Fig. 9). As can be seen, the split correctly classifies 81% of the 
container glass specimens into the upper category and misclassifies 19% of the container 
glass specimens into the lower category. Obviously, owing to the method of selection of the 
demarcation threshold, 100~ of the sheet glass specimens are correctly placed into the lower 
category. 

As was suggested by Keeley and Christofides [16], the determination of the calcium to iron 
ratio in the lower category specimens should rectify the misclassification of the 16 container 
glass specimens. The literature indicates that the iron level is approximately 0.05% or 
greater in sheet glass and 0.04% or lower in container glass [2,15,17-19]. In that these levels 
are below the detection limit of the SEM-microprobe, the XRF spectrometer was the instru- 
ment of choice, offering the required sensitivity without specimen destruction. Again, SRM 
1831 (sheet) and 621 (container) were employed to evaluate the technique. Fragments of 
each measuring 300 #g were analyzed using the technique described in the Analytical Ap- 
proach section. SRM 1831 has a reported iron level of 0.09%, while SRM 621 has a 0.04% 
iron level. Their spectra can be seen in Figs. 10a and 10b. Note the easily discernable iron 
K~ peaks (6.398 keV) as contrasted to the missing iron peaks in Figs. 6a and 6b. 

In an effort to reduce the effects of variations in surface geometry and specimen size, the 
iron K~ peak intensity is ratioed to the calcium K,~ peak (3.690 keV) intensity, as was done by 
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FIG. 9--Sheet~container glass classification based on SEM microprobe determination of Ca/Mg in- 
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FIG. IOb--XRF spectrum of 
SRM 621 container glass. 

Keeley and Christofides [16]. Although this reduces these variations to a satisfactory extent 
when comparing large differences, care must still be exercised when considering direct com- 
parisons of very small particles. As demonstrated by Howden et al. [10], and Montecalvo 
[34], scattering and absorption of X-rays caused by irregular specimen shapes cause consid- 
erable variation in replicate runs. Large differences in specimen thickness produce further 
imprecision in intensity ratios. Because of critical depth effects, these variations are even 
more pronounced the greater the difference in the elements' atomic weights [10]. The Ca/Fe 
ratios for SRM 1831 and SRM 621 are 20 and 48, respectively. Rotating specimens produce 
ratio standard deviations (2a,,-i) on the order of 6 to 12% (Table 1), while variation in frag- 
ment size from 2 mg down to 180/~g produces a series ratio standard deviation (2a,,- 1) on the 
order of 10% (Table 2). Although this is not severe with respect to classification efforts, some 
attempt should be made to subject similar size and shaped specimens to XRF analysis. 

A review of the SEM-microprobe spectra revealed that none of the container glass speci- 
mens had a detectable iron K~ peak (6.398 keV). Of the 65 sheet glass specimens, 23 did 
have a pronounced iron K~ peak, as in Fig. 11. This size peak corresponds to a measured 
XRF Ca/Fe ratio of approximately 4, which is indicative of a significantly elevated iron level. 
Thus, an elevated magnesium level accompanied by a detectable iron level in SEM-micro- 
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TABLE 1--XRF Ca/Fe intensity ratio precision for 
varyhtg specimen orientation. 

Specimen ..~" 2o,,-,h 2o,,_ 1, % 

B34 40.21 4.66 11.60 
B39 26.94 3.04 11.30 
B44 24.58 1.50 6.10 
B50 25.89 2.90 11.20 
W4 27.54 2.73 9.91 
W26 27.66 2.59 9.36 
W48 29.79 3.52 11.82 

"Mean of four determinations of the Ca/Fe ratio, rotating the 
specimen 90 ~ after each analysis. 

h2o,, i = 2 (specimen standard deviation) 

l ' '~1 (y` -- y)2 1 
. =  

= 2  n - -  1 

TABLE 2--XRF Ca/Fe intensity ratio precision for varying 
specimen size and specimen orientation on contahzer glass BI8. 

Specimen 
Size, mg ~" 20,, t 20,, ,,% 

2.034 37.63 4.38 11.64 
0.741 35.53 2.64 7.44 
0.583 39.39 5.41 13.73 
0.334 38.56 2.48 6.43 
0.365 40.06 3.89 9.71 
0.188 35.89 4.91 13.68 
Series 37.84 3.69 9.75 

"Mean of four determinations of the Ca/Fe ratio, rotating the 
specimen 90 ~ after each analysis. 

NqAS S KC 
~Q_I A 

iP84 106 
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FIG. 11--Elevated iron level on SEM microprobe X-ray fluorescence spectrum of sheet glass. 



1326 JOURNAL OF FORENSIC SCIENCES 

probe analysis classifies the glass particle as having originated from a sheet glass origin. 
Consequently, only the remaining 42 sheet glass specimens and the 14 misclassified con- 
tainer glass specimens (Fig. 9) were subjected to XRF analysis for determination of their Ca/ 
Fe ratios. This managed to segregate 9 of the 14 misclassified container glasses into a low 
iron level category (that is, high Ca/Fe ratio) and 37 of the sheet glasses into the high iron 
level category (that is, low Ca/Fe ratio), with 5 sheet glasses and 5 container glasses falling 
into an overlapping category (Fig. 12). It is suggested that multiple determinations with 
varying orientations be performed when Ca/Fe ratios fall within the 21 to 33 range, using the 
mean value as the classifying ratio. This serves to avoid classification errors caused by impre- 
cision due to varying specimen size and shape. 

A list of the glass specimens falling into the overlapping category can be found in Table 3. 
As can be seen, there is no correlation between source type and refractive index. Although 
three of the five sheet glasses have refractive indices above 1.520 (and thus fall into the upper 
envelope of the bimodal frequency distribution of sheet glasses received by the Federal Bu- 

I CONTAINER 
| 6 BOTTLE/JAR 

3 o ~  3 TABLEWARE 

UNCLASSIFIABLE 
Ca/Fe: [ 7 % I . ~,~.̂ ,~s~ 

5 SHEET 

24-.~-- 

S H E E T  
60 SHEET 

FIG. 12--Sheet/container glass classification of SEM-microprobe overlapping specimens based on 
XRF determination of Ca/Fe intensity ratio. 

TABLE 3--Refractive indices of unclassifiable glass specimens. 

Specimen Source n D 2~ 

W4 nontempered plate glass from store window 1.5245 
W9 surface texturized window from public 

restroom 1.5209 
W26 nontempered float plate glass from store 

window 1.5224 
W48 nontempered plate glass from residential 

sliding glass door 1.5169 
WS2 nontempered store window 1.5159 
B39 Dr. Pepper returnable soda bottle 1.5136 
B44 Norwich aspirin bottle 1.5139 
BS0 Kraft walnut topping jar 1.5167 
B61 Prego spaghetti sauce jar 1.5173 
T7 Tableware tumbler 1.5141 
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reau of Investigation laboratory [20]), two of them have refractive indices below 1.520 and 
obviously overlap the refractive indices of the container glass specimens. Further attempts to 
classify the overlapping specimens using arsenic and barium levels proved fruitless, in that 
the five window specimens have elemental ratios spanning the full range of the container 
glass elemental ratios. 

Although complete classification could not be accomplished using the adapted scheme of 
Keeley and Christofides [16], it still provides a wealth of classification information. Using 
the rapid SEM-microprobe method alone, 81% of the container glasses were recognized by 
their low magnesium levels. Resorting to the XRF method provides proper classification of 
93% of the 140 specimens examined, with 7% of them falling into an unclassifiable overlap 
area which can be recognized by its Ca/Fe ratio upper and lower limits (Fig. 12). 

Considering that the X-ray fluorescence techniques employed required the use of elemen- 
tal intensity ratios to counteract the variations produced by specimen geometry and size, the 
possibility of further segregation of class types by semi-quantitative determination of ele- 
mental concentrations was investigated. Although inductively coupled plasma emission 
spectroscopy (ICP) seems to offer the most versatile approach to the problem [11,1 Z 19], DC 
arc emission spectroscopy was used to analyze the unclassifiable specimens because of the 
lack of access to ICP instrumentation [24]. Investigations indicate that all but two of the 
container glasses were properly classified using the iron line intensities at 259.8 and 272.1 
nm. It should therefore be noted that a semiquantitative determination of elemental concen- 
trations may provide further discrimination between sheet and container glasses at the price 
of increased analytical time and specimen destruction. 

Conclusion 

The value of source type classification for small fragments of glass evidence is founded in 
its ability to simplify direct court testimony and to provide a sound basis for the use of sheet 
glass frequency of occurrence data in evaluating the evidential significance of a match be- 
tween small questioned glass fragments and a source of broken sheet glass. 

Classification of source type can require techniques as simple as microscopy or as compli- 
cated as multiple types of instrumental analysis. Verification of analytical approaches devel- 
oped by the British forensic science community supports the use of these techniques on do- 
mestic samples. Although many avenues of elemental analysis are available, the forensic 
glass examiner must always weigh the consequences of exemplar destruction. For this rea- 
son, X-ray fluorescence techniques have a substantial advantage. 

It is hoped that the work presented in this report will spark further investigations on do- 
mestic samples and provide an increased awareness of the value of this extended analytical 
approach. 
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