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Abstract
This study evaluates the capability of μ-XRF and LIBS analyses to characterize the homogeneity (elemental variation) of glass compared to the LA-ICP-MS quantitative analysis method. Two premises in the forensic comparison of glass are that 1) the elemental composition across a single source (e.g., a pane) is homogeneous and 2) the elemental variation within a single source is much smaller than the elemental variation observed among different glass sources (different panes manufactured at different sites or different times). These assumptions are widely supported when using microsampling methods such as LA-ICP-MS; however, systematic homogeneity studies using μ-XRF and LIBS methods are unavailable. In this study, the variability of the elemental composition within 100 fragments from two different panes of the same windshield was characterized using chemical maps, and semi-quantitative data was used to compare fragments within and between the different panes. When comparing pieces within the same pane, the variability for most elements was less than 10% RSD for both μ-XRF and LIBS and less than 5% RSD for LA-ICP-MS. Comparison methods simulating casework situations in which one questioned fragment is compared to more than one known fragment resulted in better performance as the number of fragments of the known sample increased (to up to 4 fragments, 12-20 measurements). The results show the comparison criteria should be selected according to the instrument’s precision and sensitivity. Error rates below 3% were obtained for μ-XRF and LIBS when selecting the appropriate number of fragments, measurements, and comparison criterion.
Introduction
The forensic analysis of glass has the potential to link evidence or people to a crime scene and to provide intelligence information about the nature of the crime. Glass evidence is often generated during burglaries, hit-and-runs, and other violent criminal activities. Elemental analysis has been shown to provide the most informative characterization of glass fragments because of the variation within the major and minor components of the glass formulation and also differences in the trace impurities resulting from the manufacturing process. Elemental analysis of glass has been conducted using various analytical instruments such as Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS),1-13 solution ICP-MS after acid digestion,1, 3-4, 11, 14-15 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES),11, 16 Laser-Induced Breakdown Spectroscopy (LIBS),4, 9, 17-20 and Micro X-ray Fluorescence (µ-XRF) Spectrometry.1, 4, 11, 21-26
Factors that facilitate the analysis of glass as trace evidence include the accessibility to certified reference materials, availability of validated and consensus-based analytical methods, and the maturity of scientific research. The current standard methods of analysis of glass include solution ICP-MS, LA-ICP-MS and µ-XRF as defined in ASTM E233027, E2927-1628 and E2926-17,29 respectively. There is currently no standard method for the analysis of glass using LIBS, however extensive research has demonstrated its potential. 4, 9, 17-20 The main disadvantage of the µ-XRF and LIBS methods, in comparison to the ICP-MS-based methods is that µ-XRF and LIBS do not currently produce quantitative analysis data that can then be used in databases for frequency of occurrence and/or likelihood ratio calculations. The interpretation of glass evidence typically involves the comparison of a questioned sample (Q) to a glass source in which the identity is known (K), such as a broken window or container found in a crime scene. The ASTM E2927-1628 and E2926-1729 methods recommend the analysis of at least three fragments (9 replicates) of the known for a better characterization of the source.
Interpretation of glass evidence typically consists of setting an interval or comparison criterion. If the mean of the questioned sample (Q) falls within this set interval for all the elements under consideration, the Q (questioned) and K (known) samples cannot be differentiated from each other. A result of “indistinguishable” means the glass fragments  originated from the same source or from glass made in the same manufacturing plant and around the same time.12, 28-30 Also, there is the possibility that fragments that originated from different manufacturing plants have indistinguishable elemental profiles. This possibility is rare but becomes more likely for fragments that are thin in which several elements may be present below limits of detection (i.e., limiting the acquisition from larger areas or for longer times).
ASTM standard E2927-16 for LA-ICP-MS analysis describes a comparison criterion using an interval established with an upper and lower limit equal to the mean plus/minus 4 times the standard deviation (measured standard deviation or 3% of the mean for each element, whichever is greater). This criterion has a solid scientific foundation and has been shown to be suitable for LA-ICP-MS data. 12, 28-30
Moreover, efforts have been made to move towards more encompassing comparison criteria that permit the assessment of the weight of an association or exclusion using likelihood ratios (LR).31-37 The extensive LA-ICP-MS databases created at crime laboratories and research institutions have made the application of the LR approach possible. For LIBS and µ-XRF, similar databases are not yet available. The homogeneity study described in this manuscript aims to evaluate the different comparison approaches to identify error rates and recommend sampling criteria.
LIBS and µ-XRF measurements have different sources of bias and variability than LA-ICP-MS. Therefore, the comparison criteria have to be fit-for-purpose to account for the lowest error rates possible, given the analytical methods' inherent selectivity, sensitivity, and precision. For instance, the ASTM E2926-17 recommends using an elemental ratio range overlap or a mean ± 3 standard deviation comparison interval for µ-XRF data. This criterion was proposed based on bias and precision data collected via interlaboratory studies with instrumentation using Si(Li) detectors and, typically, larger X-ray beam spot sizes. However, the recent technological advances in µ-XRF instrumentation merits the re-assessment of the performance capabilities of these criteria.
The comparison criteria proposed for standard methods have been evaluated to identify the associated error rates. Large datasets of glasses known to originate from different sources are used to estimate false inclusion rates. On the other hand, false exclusions are determined by collections of glass fragments originating from the same source and evaluating the homogeneity of elemental composition across windowpanes. Ideally, a comparison criterion is suitable if both error rates are low.
For instance, a generally accepted assumption within the forensic trace community is that multiple known sources originating from a single glass pane will have very similar elemental compositions. The homogeneity of single sources of glass has been demonstrated using LA-ICP-MS.5, 7, 38 It was reported that glass is homogeneous even at the micro-range level and that the variation (%RSD) within the fragments from a same source was below 5-10%.5, 7, 38 
However, this assumption still needs to be tested for other analytical techniques in order to strengthen the conclusions of association or exclusion between the compared glass fragments. Additionally, advancements within -XRF instrumentation has introduced modern detectors (i.e., silicon drift detector (SDD) vs. silicon lithium Si(Li) detector) that have shown increased sensitivity compared to older detectors. We  hypothesize the superior sensitivity of SDDs improves the precision and discrimination capabilities, which also leads to a need for the re-assessment of the comparison criteria used in forensic glass comparisons. Likewise, as a result of its superior sensitivity, smaller spot sizes and acquisition times used in SDD systems may affect variability of the collected data. Given the increased adoption of SDD -XRF in crime laboratories, this study may serve as a basis for the upcoming 5-year revision of the -XRF ASTM method, which was primarily focused on silicon lithium Si(Li) detectors.
As a result, this work aims to determine if new recommendations for the number of known fragments and comparison criteria are required for the interpretation of µ-XRF and LIBS data by 1) studying the homogeneity across an entire windshield using µ-XRF with SDD detector, LIBS,  and LA-ICP-MS, and  2) evaluating the performance rates of µ-XRF and LIBS data when using different binary comparison and sampling criteria. 
Materials and methods
Sample collection and sample preparation
The glass windshield of a 2016 Toyota Highlander, manufactured by Pilkington was separated into its inner and outer panes. The glass panes were defined as the windshield outer pane, representing the pane of glass exposed to the exterior) and the windshield inner pane, representing the pane of glass exposed to the interior of the car). Each pane was marked with a rectangle measuring 20 inches in width and 100 inches lengthwise using a permanent marker. The rectangle was split into 100 sections, each 2 inches by 10 inches. These sections were numbered and labeled from 1 to 100 on both panes in a pattern going from left to right, and top to bottom. Out of the 100 sections, 50 sections were randomly selected from each pane using a random number generator and two full-thickness glass fragments were collected from each section. 
To prevent contamination, the windshield was placed between several layers of bench coat paper and cardboard before breaking. The various hammers used to break the glass were wrapped in Parafilm (Bemis™ Parafilm™ M Wrapping Film, Thermo Fisher Scientific, Waltham, MA) in order to prevent transfer of any residues from the hammers to the glass. The glass fragments were removed by the analysts using tweezers also covered in Parafilm. To prevent cross-contamination, appropriate personal protective equipment was used at all times by the collectors. The collected fragments were wrapped using weighing paper (Fisherbrand™ Weighting Paper, Thermo Fisher Scientific, Waltham, MA), and stored in cardboard pill boxes until analysis. Each box was labeled to represent the inner or outer glass pane, the section number, and the collection date. Figure 1 shows the location distribution of the sampled glass fragments. The 50 samples from a same windshield pane are referred as the same-source samples for both the inner and outer panes.
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[bookmark: _Ref38484193]Figure 1: Representation of the fragments collected (shown in dark blue) for the windshield inner (left) and outer (right) panes.
Moreover, a subset of  different-source samples was included consisting of 13 glass fragments from vehicles of different make, model, or year. In the case of samples of the same make, the samples originated from vehicles that were different models and years. The purpose of the different-source samples was to estimate the false inclusion rates of the methods as compared to the homogeneity of the same-source glass samples. These samples consisted of a subset from a large set of samples belonging to a database from Florida International University and are reported in another publication by Hoffman et al.32 A description of the samples analyzed in this study is shown in Table 1. The 100 fragments from the inner and outer windshield panes and the 13 samples from different sources were analyzed by LIBS and µ-XRF using the methods optimized for glass analysis for each instrument.
For LIBS and LA-ICP-MS analyses, the glass fragments were placed inside the sample chamber typically in groups of 3-4 fragments, depending on the fragment size. The fragments were secured using double-sided adhesive tape. Prior to analysis, the float side of the samples was confirmed using a UV lamp and marked with a small black ink dot. Analysis by LIBS and LA-ICP-MS did not require any additional preparation steps. The laser beam was focused onto the surface of the glass fragments and the ablation area was selected avoiding the float side.
[bookmark: _Ref38483605][bookmark: _Ref46832414]Prior to µ-XRF analysis, the ink from any marks used in the collection process was removed from the glass fragments using methanol. Each of the glass fragments were then polished using coarse (600-grit and 1200-grit) silicon carbide sandpapers. A small black ink dot was placed on the exposed side of the fragment. The fragments were glued onto µ-XRF film wheels using a thin layer of clear glue. Approximately 4-12 fragments were mounted per wheel, depending on the fragment sizes, although all selected fragments for this study were full thickness.

Instrumental analysis
Glass fragments were analyzed using a commercial LIBS system (J200, Applied Spectra, Fremont, CA) consisting of a ns-Nd:YAG 266 nm laser coupled to a CCD detector. The instrumental parameters optimized for LIBS are shown in Table 2 (center). Daily performance checks were conducted using the National Institute of Standards and Technology (NIST) glass Standard Reference Materials (SRM®), NIST SRM 612, NIST SRM 610, and NIST SRM 1831. Control charts were used to monitor the stability of several elemental lines (Ca 422.7, Mg 285.8, Si 288.2, and Sr 407.8 nm) over a six-month period. These control charts were used to monitor the laser energy and daily performance of the LIBS instrument.
A Bruker M4 Tornado -XRF (Bruker, Billerica, MA) was used for the analysis. The -XRF instrument was equipped with an SDD with a 50 mm2 active area, and a rhodium X-ray source. The instrument parameters used are listed in Table 2 (left). For each day of analysis, a zirconium calibration and a daily control using NIST SRM 1831 was performed. The energy deviation, the full width at half the maximum (FWHM) of Zr, and the FWHM of zero peak were monitored to check for possible fluctuations. The data from the daily control was used to create control charts for various elemental ratios to monitor inter-day variations within the instrument.  Within each control chart, bracketing lines consisting of 2 and 3 standard deviations away from the group mean were used to monitor the daily performance. The measurements from the daily control must fall within the 3s confidence interval before proceeding with analysis.
The LA-ICP-MS parameters used for the windshield inner and outer same source samples are shown in Table 2 (right). The LA-ICP-MS instrumentation consisted of an Agilent ICP-MS (Agilent 7800, Santa Clara, CA) coupled to a ns-Nd:YAG 266 nm laser (J200, Applied Spectra, Fremont, CA). The LA-ICP-MS parameters were optimized for glass analysis and tuned daily using the NIST SRM 612 glass standard. In addition, at the beginning of each week of sample analysis, a solution tune of the ICP-MS instrument was conducted using the vendor’s recommended tuning solution prior to the laser ablation setup. The performance of the laser system was monitored as described for LIBS analysis by using control charts and monitoring the laser energy and intensity counts. The LA-ICP-MS analysis for the different-source samples was performed as reported in Hoffman et al.32


[bookmark: _Ref48563026]Table 1: Description of the same-source and different-source glass samples. WI: windshield inner pane, WO: windshield outer pane, W: windshield.
	Same-Source Samples
(Toyota Highlander LE 2016)
	Different-Source Samples

	WI Samples ID
	WO Samples ID
	Sample ID
	Pane
	Make
	Model
	Year

	WI001
	WI048
	WO001
	WO046
	W005
	Outer
	Ford
	Mustang
	2016

	WI002
	WI051
	WO002
	WO048
	W020
	Inner
	Honda
	Accord
	2013

	WI004
	WI053
	WO008
	WO051
	W024
	Inner
	Mitsubishi
	Mirage
	2014

	WI005
	WI054
	WO009
	WO055
	W029
	Inner
	Toyota
	Tundra
	2016

	WI006
	WI055
	WO013
	WO061
	W041
	Inner
	Kia
	Forte
	2010

	WI007
	WI056
	WO014
	WO062
	W042
	Inner
	BMW
	2 Series
	2014

	WI008
	WI059
	WO015
	WO064
	W047
	Outer
	Honda
	Pilot
	2012

	WI009
	WI060
	WO018
	WO065
	W055
	Outer
	Mazda
	CX-3
	2016

	WI013
	WI066
	WO021
	WO067
	W065
	Outer
	Mitsubishi
	Galant
	2009

	WI014
	WI067
	WO022
	WO068
	W090
	Inner
	Kia
	Sedona
	2015

	WI015
	WI068
	WO024
	WO071
	W129
	Inner
	Nissan
	Maxima
	2016

	WI016
	WI071
	WO026
	WO075
	W149
	Inner
	Hyundai
	Veloster
	2014

	WI017
	WI073
	WO027
	WO080
	W165
	Inner
	Acura
	RL
	2010

	WI018
	WI075
	WO029
	WO081
	
	
	
	
	

	WI020
	WI078
	WO030
	WO083
	
	
	
	
	

	WI021
	WI079
	WO031
	WO084
	
	
	
	
	

	WI030
	WI082
	WO033
	WO085
	
	
	
	
	

	WI032
	WI084
	WO034
	WO086
	
	
	
	
	

	WI034
	WI085
	WO036
	WO087
	
	
	
	
	

	WI036
	WI086
	WO037
	WO088
	
	
	
	
	

	WI038
	WI088
	WO038
	WO091
	
	
	
	
	

	WI039
	WI089
	WO039
	WO092
	
	
	
	
	

	WI044
	WI093
	WO040
	WO093
	
	
	
	
	

	WI045
	WI095
	WO041
	WO094
	
	
	
	
	

	WI046
	WI100
	WO044
	WO095
	
	
	
	
	





[bookmark: _Ref38873871]Table 2: Instrumental parameters optimized for glass analyses by µ-XRF (left), LIBS (center), and LA-ICP-MS (right).
	µ-XRF Instrumental Parameters
	LIBS Instrumental Parameters
	LA-ICP-MS Instrumental Parameters

	Brand, model
	Bruker, M4 Tornado
	Brand, model
	Applied Spectra, J200
	Laser Parameters

	Detector
	Silicon Drift Detector
	Laser
	266 nm ns-Nd:YAG
	Brand, model
	Applied Spectra, J200

	X-ray beam material
	Rhodium
	Fluence J/cm2
	~70
	Laser
	266 nm ns-Nd:YAG

	Voltage
	50 kV
	Frequency
	10 Hz
	Fluence J/cm2
	~155

	Current
	300 A
	Spot size
	100 µm
	Frequency
	10 Hz

	Spot Size
	20 m
	Gate delay
	1 µs
	Spot size
	50 µm

	Spectrometer
	40 keV, 130 kcps
	Gas, flow
	Ar, 1 L/min
	Gas, flow
	He, 0.9 L/min

	Acquisition time
	500 s live
	Pattern
	4 spots grid
	Pattern
	spot

	
	
	Number of shots
	100
	Number of shots
	500

	
	
	
	
	Pre-ablation time
	30 s

	
	
	
	
	Ablation time
	50 s

	
	
	
	
	ICP-MS Parameters

	
	
	
	
	Brand, model
	Agilent ICP-MS 7800

	
	
	
	
	RF power
	1550 W

	
	
	
	
	Makeup gas
	Ar, 0.9 L/min

	
	
	
	
	Acquisition time
	2 min 30 sec



Data analysis
Data pre-processing
After LIBS analysis, spectra were collected for all the samples, and emission lines were selected for each element of interest. The background was estimated from the closest fitting polynomial function and subtracted from each spectrum using the Aurora software (Applied Spectra, Fremont, CA). The selected emission lines (in nm) were those with larger signal-to-noise ratios (SNR), smaller variation between replicates (%RSD), and fewer known interferences. The following emission lines were measured for LIBS analysis: Fe 274.6 (II), Mg 279.6 (II), Al 309.3 (I), Cu 324.8 (I), Ti 334.9 (II), Si 390.6 (I), Ca 393.4 (II), Sr 407.8 (II), Ba 493.4 (II), Li 670.8 (I), K 766.5 (II), Na 819.5 (I), where (I) represents an atomic emission and (II) an ionic emission. The area under the curve was integrated using the Aurora software for the element lines of interest, as well as the noise area adjacent to the lines. Normalization was done to the sum of the peaks and SNRs were calculated by dividing the area under the curve for each emission line by the area under the curve for the respective noise area. The analysis by LIBS was conducted by performing 12 replicate measurements for each fragment of glass. No quantitative information was generated for LIBS. Instead, statistical analyses were conducted on the numerical output of LIBS data in the form of ratios of the signal-to-noise for each element of interest.
After -XRF analysis, the elements present within the spectra were manually identified. Utilizing the Bruker M4 software, the background-subtracted intensity of each element selected was obtained. No quantitative information was generated for -XRF. The following ratios were calculated as recommended by ASTM E292629: Ca/Fe, Ca/Mg, Ca/Ti, Fe/Zr, Sr/Zr, in addition to Na/Mg and Fe/Mn. Five replicate measurements were collected for each fragment.
In the case of LA-ICP-MS, the analysis followed the ASTM E2927-1628 standard method. The transient signal collected in counts-per-second was processed using an R script, which included the integration of the area corresponding to the ablation and blank signals, drift correction, and internal standard normalization. Silicon (29Si) was used for normalization using a one-point calibration with the Float Glass Standard (FGS) 2 as the calibrator. The calculated concentrations in parts-per-million (ppm) were used for further statistical analyses. Four replicates were collected for each glass fragment.
Statistical analysis
Binary comparison criteria
[bookmark: _Ref40175101][bookmark: _Ref40175097]The SNR results for the LIBS measurements were used to compare the samples using different comparison criteria (Table 3). The selection of these criteria was based on previous publications for the comparison of glass12, 28-30 and tested for LIBS and -XRF data by comparing the performance rates using same-source and different-source data. The comparison criteria were computed using R custom codes (R free software, available at: https://www.r-project.org).
[bookmark: _Ref81941300]Table 3: Comparison criteria description and comparison intervals.
[image: ]

Results and discussion
4.1	Intra-sample and inter-sample variability within a single windshield pane
Windshield glass consists of two panes held together by a polyvinyl butyral film, therefore inner and outer panes were treated separately as they could have originated from different manufactured sources or batches. For each glass pane the variation within a fragment and between fragments was evaluated.
In order to estimate the precision of the methods, the intra-sample and inter-sample relative standard deviation (%RSD) were calculated for LIBS (Figure 2, A), -XRF (Figure 2, B), and LA-ICP-MS (Figure 2, C). This variability study was performed using numerical ratios for LIBS (signal-to-noise ratios) and µ-XRF (elemental ratios), and quantitative data for LA-ICP-MS (concentrations). Intra-sample variability (within the same fragment) consisted of the average of the individual %RSD of the 12, 5, or 4 replicates per fragment for LIBS, µ-XRF, and LA-ICP-MS, respectively. 
An assumption made here is that any heterogeneity present in the windshield pane is going to be on a size regime larger than a fragment size. Therefore, inter-sample variability (between different fragments of the same glass pane) consisted of the %RSD of the 600 replicate measurements for LIBS (i.e., 50 fragments, 12 replicates each), 250 measurements for µ-XRF (i.e., 50 fragments, 5 replicates each), and 200 measurements for LA-ICP-MS (i.e., 50 fragments, 4 replicates each) for both the inner and outer panes. 
As expected, the intra-sample variability within a glass fragment was smaller than inter-sample variability across a windshield pane. In the case of LIBS, all the monitored SNR resulted in a precision of 10% or better for intra-sample comparisons and 15% or better for the inter-sample variations, with the exception of the potassium SNR, which had a precision of ~17% between fragments from the windshield inner pane.
The precision observed for LIBS data is within the expected ranges for soda lime glass. It has been reported that the variability (%RSD) for LIBS measurements may be higher than the variability of other elemental analytical techniques.39 Some reports show that LIBS precision varies between 0.8 and ~25% depending or several factors including analysis performed on different days, selection of emission lines, instrumental setup, quantitative or qualitative analysis, normalization strategies, among others.9, 17, 20, 40-42 In comparison, the precision of µ-XRF was 8% or better for the monitored ratios (Figure 2, B), with all of the ratios resulting in intra-sample variabilities below 5%. The precision obtained with SDDs is relatively better than those reported with Si(Li) detectors.1, 11, 29
As expected, LA-ICP-MS had superior performance, with intra and inter-fragments precision better than 5% for most of the monitored isotopes (Figure 2, C). In this work, LA-ICP-MS is used as the “ground truth” method in the assessment of the performance of LIBS and µ-XRF because of its quantitative nature and superior precision.
The results indicate that although LIBS and µ-XRF are not as precise as LA-ICP-MS, the methods fit for purpose as further explained in the remaining sections.

[image: ]
[bookmark: _Ref38874437]Figure 2: Elemental variability (%RSD) for the inner (left) and outer (right) glass fragments for the monitored elements and ratios by LIBS (A), µ-XRF (B), and LA-ICP-MS.

4. 2	Sampling penetration depth of each method
All methods used here are considered micro-sampling techniques in the sense that the signal is generated from a microscopic area of the sample. When assessing the homogeneity of the elemental composition, the penetration depth of each method into the glass samples needs to be taken into account to make important decisions about instrumental parameters and sampling protocols. Figure 3 (left) shows a schematic of the theoretical escape depth of µ-XRF. The penetration of the X-ray beam into the sample, as well as the production of the respective characteristic X-rays, are largely dependent on the material’s density and atomic number. Both the depth of penetration into the sample and the escape depth of the secondary X-ray are affected by the energy of the principal X-rays. The critical penetration depth is the point where 99% of the elements characteristic X-rays will not be detected because it has been absorbed by the sample. Light elements, such as Na, can only be detected at shallow depths within a sample, whereas heavier elements, such as Sr, can be detected from greater depths.43
Figure 3 also shows the images of the LIBS and LA-ICP-MS craters using an optical profiler microscope (S Neox 3D Optical Profiler, Sensofar, Barcelona, Spain). In the case of LIBS (Figure 3, center), the penetration depth was approximately 100 µm. The ablation crater created by LIBS analysis corresponded to a removal of approximately 2.2 ± 0.1 µg of the material. The penetration depth of the crater using the LA-ICP-MS parameters was approximately 250 µm, and the mass removed was approximately 2.8 ± 0.1 µg. These mass measurements were performed using the volumes calculated by the optical profiler, assuming a glass density of 2.4 mg/m3 reported elsewhere 44 for three replicate craters in the surface of a fragment from the windshield inner glass pane.The penetration of the laser into the glass sample with LIBS results in approximately half of LA-ICP-MS penetration, and about 20% less mass removal.  Both analyses were performed with the same laser. At these similar settings, other laser ablation units could result in differences in the mass removed.
The analytical volume for µ-XRF, regardless of the element, is greater than the analytical volumes for LIBS and LA-ICP-MS. Also, in the case of µ-XRF, the effective penetration depth is element-dependent. For example, low atomic number elements (e.g., Na, Si) have effective penetration depths in a glass matrix of a few µm, while high atomic number elements such as Sr present penetration depths of ~2 mm, (Figure 3, left).45,46 Therefore, the variability of such elements by µ-XRF across the windshield could potentially be influenced by the heterogeneity across the glass material and by differences between full thickness glass fragments and those smaller glass fragments that do not have the original surfaces. 

[image: ]
[bookmark: _Ref49856497]Figure 3: Penetration depth of µ-XRF (left), LIBS (center) and LA-ICP-MS (right) for glass.
4.3	Homogeneity of the elemental composition
Heat maps were created to explore the homogeneity of the elemental composition of glass fragments across the entire windshield. A heat map is a data visualization tool that shows the magnitude of the concentration, or SNR, of a given element as a color (z-axis) in a particular space. In this case, the x and y-axis are the location of the respective fragment in the windshield pane. The color variation of the elemental concentration is represented as intensity, as shown in the individual color scale. The heat maps provide easy visual cues about how each elemental composition varies over the sampled fragments across the windshield. It also allows a direct comparison of any homogeneity/heterogeneity patterns observed by the various analytical methods on the same sampled regions.
Figure 4 through Figure 7 show the spatial distribution of elemental composition of LIBS, µ-XRF, on fifty randomly selected regions across the inner and outer windshields. The homogeneity of the fragments is only visualized for those fragments that were randomly selected from the panes, as represented by fragments in dark blue in figure 1, and the respective fragments in Figure 4 to Figure 7. A comparison heat map for LA-ICP-MS can be found in the supplemental materials (Figures S1 and S2).
The analysis by LIBS resulted in evenly distributed elemental composition across the windshield for both inner and outer panes as observed by the similar color intensity in the sampled fragments (Figure 4 and Figure 5, respectively). Sample 93 from the windshield outer pane (WO093) was visually different (lighter in color) in the heat maps for LIBS analysis. Sample 93 presented an uneven surface, and it was considerably smaller in size than other fragments; focusing the laser beam on the surface of this sample was noticeably more difficult than with the rest of the windshield fragments. LIBS analysis is known to be largely dependent on the focus of the laser beam on the surface of transparent materials. Therefore, after comparing the results from LIBS to µ-XRF and LA-ICP-MS, which showed no significant differences between the same sample 93 and the rest of the outer pane fragments, this sample was excluded from further statistical analysis after the Grubbs’ outlier test.
[image: Qr code
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[bookmark: _Ref40186520]Figure 4: Heat maps for the windshield inner fragments showing the SNR distribution for strontium (top left), calcium (top right), magnesium (bottom left), and titanium (bottom right) obtained from LIBS analysis. Analytical data is represented on the colored fragments; the cells in white represent regions of the windshield that were not sampled.
[image: A screenshot of a game

Description automatically generated with medium confidence]
[bookmark: _Ref40186522]Figure 5: Heat maps for the windshield outer fragments showing the SNR distribution for strontium (top left), calcium (top right), magnesium (bottom left), and titanium (bottom right) obtained from LIBS analysis.  Analytical data is represented on the colored fragments; the cells in white represent regions of the windshield that were not sampled.
Figure 6 and Figure 7 display the heat maps created using the µ-XRF ratios. Similarly to LIBS, µ-XRF results show an even distribution of the elemental composition across the fifty regions randomly sampled on each windshield pane. The slight differences represented by small intensity variations in color in the heat maps resulted from the inherent instrumental variability attributed to each method. There were no consistent differences in the same elements (or ratios of those elements) in a same fragment location by both LIBS and µ-XRF that could also be confirmed by LA-ICP-MS (Figures S1, S2) indicating that the variability was most likely attributed to instrumental variability and possibly the sample surface, such as when uneven surfaces were analyzed) rather than spatial heterogeneity of the elemental components of the glass material.
[bookmark: _Ref40186690][image: A screenshot of a computer

Description automatically generated with low confidence]Figure 6: Heat maps for the windshield inner fragments showing the elemental ratios Sr/Zr (top left), Ca/Fe (top right), Ca/Mg (bottom left), and Ca/Ti (bottom right) obtained from µ-XRF analysis.  Analytical data is represented on the colored fragments; the cells in white represent regions of the windshield that were not sampled.
[bookmark: _Ref40186692][image: A screenshot of a computer

Description automatically generated with medium confidence]Figure 7: Heat maps for the windshield outer fragments showing the elemental ratios Sr/Zr (top left), Ca/Fe (top right), Ca/Mg (bottom left), and Ca/Ti (bottom right) obtained from µ-XRF analysis. 
4.3.1. False exclusion rates for the windshield inner and outer samples
Different criteria were tested in order to evaluate their performance for glass comparisons by LIBS and by a modern µ-XRF system using a SDD detector. A summary of the comparison criteria under study is represented in Table 3.
The statistical analysis of glass in the forensic setting typically involves the comparison of a questioned sample (Q) to more than one “known” sample (K). In addition to a 1Q-to-1K comparison (which has been typically used in pairwise comparison reports),12, 32 comparisons ranging from 2 to 10 “known” fragments were conducted to assess false exclusion rates and draw recommendations about the minimum number of fragments used in comparisons. To compare both pairwise and multiple K approaches for the windshield inner and outer pane samples, the “known” samples for the 1Q-to-2K to 1Q-to-10K method were randomly selected and the comparisons were looped enough times to obtain the same number of comparison pairs as in the 1Q-to-1K approach. Tables listing the false exclusion rates calculated for both µ-XRF and LIBS using one through 10 known fragments can be found in the supplemental section (Tables S1-S4). Figures 8 and 9 demonstrate the trend in performance rates of each comparison criterion as the number of known fragments is increased. The random selection of the multiple known samples was conducted using an in-house R script.
Figure 8 shows the plot of the false exclusion rates for 9 comparison criteria tested for samples analyzed by LIBS for the windshield inner pane fragments (top) and the windshield outer pane fragments (bottom). Most of the 1Q-to-1K criteria for LIBS resulted in a false exclusion rates ranging from 0.8% to 25.4% and from zero to 18% for the inner and outer panes, respectively. In both cases, the criterion that produced the largest 1Q-to-1K false exclusion rates was range overlap. Five out of the nine criteria resulted in a large drop in the number of false exclusion rates with the addition of more known fragments to the comparison, with error rates lower than 4% after using 4Ks. This is demonstrated visually in Figure 8 as the false exclusions rates eventually plateau after 3 to 4 known fragments. Therefore, it is recommended that a minimum of 4 known fragments is used regardless of the comparison criteria to reduce potential false exclusion rates. Using 1Q-to-4K comparisons, the 4S (Max%RSD) and Modified 4S (Max%RSD) produced the lowest false exclusion rates for both the inner and outer panes (<0.2%), but the majority of the criteria evaluated maintained rates below 3%.
Similarly to LIBS, Figure 9 shows the calculated false exclusion rates for selected comparison criteria for the windshield inner (top) and windshield outer (bottom) analyzed by µ-XRF. A significant finding in this set was that the current ASTM recommended criteria of range overlap and 3S interval exhibited large false exclusion rates even when 3 known fragments (15 replicates) were used in the comparison (~8-17%). These findings represent a first red flag indicating that the superior precision and sensitivity observed with SDD detectors may require the use of a larger number of known fragments or a broader comparison criteria than those established for Si(Li) detectors under the current standard method. Another consideration is the X-ray beam spot size. With the exception of one instrument, the instrumentation included in the interlaboratory study that resulted in the ASTM E2926 standard method had an X-ray beam spot size of 100 µm - 300 µm.29 The instrument used in this study has a smaller spot size (20 µm) and, therefore, a smaller sampling volume. The smaller sampling volume may not be accounting for the inherent heterogeneity present in glass, potentially leading to a higher false exclusion rate. 
To address the higher false exclusion rates, two additional comparison criteria were included, 3S and 4S intervals with minimum 3% RSD, and the number of K fragments were evaluated from one to ten. Significant improvement in the false exclusion rates were observed when increasing the number of known fragments, with false exclusions lower than 2% when 3 and 4 known fragments were included in the comparison (tables S3 and S4). 
These findings demonstrate that with the current ASTM standard recommended comparison criteria (i.e., range overlap and 3S) as many as 6Ks would need to be used to produce false exclusion rates less than 10% when SDD detectors are used. However, the additional proposed comparison methods demonstrate lower false exclusion rates after 4K comparisons and may be a better fit for SDD data, which is a noteworthy finding that stresses the importance of reassessing comparison criteria with major changes in technology, such as the introduction of improved detectors. The enhanced detection system improved sensitivity and precision of the µ-XRF measurement, requiring a more in depth study to the comparison criteria.
Because of the implications to current practice, these findings were further investigated by an interlaboratory study within the NIST Organization of Scientific Area Committees for Forensic Science (OSAC) Glass Task Group and will be published in a separate manuscript.
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[bookmark: _Ref87101921]Figure 8: Trend in the calculated false exclusion rates as the number of known fragments used in the comparison increases. Using the inner (top) and outer (bottom) panes of glass analyzed by LIBS. Insert: zoomed graph to observe trends at lower scale.
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[bookmark: _Ref87101951]Figure 9: Trend in the calculated false exclusion rates as the number of known fragments used in the comparison increases. Using the inner (top) and outer (bottom) panes of glass analyzed by   µ-XRF. Insert: zoomed graph to observe trends at lower scale.
4.3.2. False inclusion rates for the samples from different sources
The focus of this manuscript was on the assessment of the homogeneity of windshields panes when measured by µ-XRF and LIBS, and the respective false exclusions.  However, since both false inclusions and false exclusions must remain low in forensic examinations, a small subset of glass that originated from different sources was included in this study as a preliminary evaluation. We recognize this dataset is small, and a complementary study including a much larger number of sources and various laboratories and instrument configurations will be published on a separate manuscript. 
A subset of 13 samples from different sources (see Table 1) was analyzed by LIBS and µ-XRF in order to determine the false inclusion rates for the comparison criteria under study. Analysis by LA-ICP-MS distinguished all 13 samples using the ASTM E21927-16 criteria, and the results for this subset of samples are reported in a previous publication.32
The elemental composition for the different-source samples is shown in the percentage bar graphs in Figure 10, for LIBS (in the form of signal-to-noise ratios) and for µ-XRF (as elemental ratios). The graph for LIBS (Figure 10, left) was created excluding the elemental lines for the main components of glass (i.e., Si, Na, Ca, and Mg) to better represent the differences between the rest of the elements. Both LIBS and µ-XRF were effective in distinguishing the glass fragments from different sources. These graphs show the clear differences between the different-source fragments for most of the samples. The false inclusion rates are summarized in Table 4 and Table 5 for LIBS and µ-XRF, respectively.
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[bookmark: _Ref81941341]Figure 10: Percentage graphs for the samples originating from different sources by LIBS (left) and µ-XRF (right).
As expected, the comparison criteria that resulted in the lowest false exclusion rates for LIBS also resulted in the highest false inclusion rates. The two criteria were 4S (Max.%RSD) with a false inclusion rate at 12.8%, and Modified 4S with Max.%RSD with a false inclusion rate at 25.6%, illustrating the imporatance of assessing both type I and type II errors when selecting a comparison criteria. Therefore, in the case of LIBS, the criterion that resulted in the best compromise was 4S (3%RSD) or 4S (4%RSD). Both of these criteria had false exclusion rates below 3% (at the 1Q-to-4K comparison) and false inclusion rates of less than 1% for both the inner and outer panes. The pair W029 and W047 was indistinguishable by all the asymmetric criteria; these two samples showed similar elemental profile as shown in Figure 10, which is surprising given the different sources. The same samples, however, were distinguished by and µ-XRF and LA-ICP-MS.
It is important to note that the different-source sample set was limited to 13 fragments (n= 156 pairwise comparisons). A larger sample set would be ideal for a better representation of the false inclusion rates of each method and will be addressed in a separate study.





[bookmark: _Ref81940911]Table 4: False inclusion rates for the samples of different sources by LIBS.
	
	Comparison Criteria 

	
	Range Overlap 
	4S
	5S
	4S (3%RSD)
	4S (4%RSD)
	4S (Avg%RSD)
	4S (Max%RSD)
	Modified 4S (Avg%RSD)
	Modified 4S (Max%RSD)

	Indistinguishable pairs 
	1
	1
	6
	1
	1
	4
	20
	1
	20

	Distinguished Pairs
	77
	155
	150
	155
	155
	152
	136
	77
	58

	Total Pairs (n)
	78
	156
	156
	156
	156
	156
	156
	78
	78

	False Inclusion Rate (%)
	1.3
	0.6
	3.8
	0.6
	0.6
	2.6
	12.8
	1.3
	25.6



In the case of µ-XRF, all comparison criteria resulted in no false inclusions. The criteria with the lower false exclusion rates at a 1Q-to-4K comparison were 3S with a minimum 3% RSD and 4S with a minimum 3% RSD (see Tables S3 and S4), which also resulted in excellent discrimination for the different-source set.
[bookmark: _Ref81940969]Table 5: False inclusion rate for the samples of different sources by µ-XRF.
	
	Comparison Criteria

	
	Range Overlap
	3S
	3S (3%RSD)
	4S (3%RSD)

	Indistinguishable pairs 
	0
	0
	0
	0

	Distinguished Pairs
	78
	156
	156
	156

	Total Pairs (n)
	78
	156
	156
	156

	False Inclusion Rate (%)
	0
	0
	0
	0



As shown in the Supplemental Materials section, in figures S3 and S4, although some false exclusions were observed for samples originating from the same source, the differences were significantly more noticeable when comparing to samples from different sources.
Conclusions
This study investigated the homogeneity of the elemental composition of windshield glass when analyzed by μ-XRF and LIBS, filling in some existing gaps of knowledge. Heat maps for each elemental method indicate minimal spatial heterogeneity across the inner and outer panes of the windshield when measured by LA-ICP-MS, LIBS or μ-XRF methods. The observed distribution of elemental composition is a result of the micro-sampling at the x, y, and z-dimensions. The penetration depth and respective micro-sampling volume varies by method and, in the case of μ-XRF, by atomic number of the element of interest. For most elements, the variation between the windshield fragments was low (≤ 10% for LIBS and μ-XRF, and ≤ 5% for LA-ICP-MS).
For all three techniques, a comparison simulating casework situation in which one questioned fragment is compared to at least three or four known fragments resulted in superior performance. Plateaus seen in the false exclusion plots indicated that more than four known fragments could be analyzed but may not result in improved false exclusion rates.
This study demonstrated that, in agreement with LA-ICP-MS, μ-XRF and LIBS analysis show relatively low heterogeneity across a single glass pane. However, LA-ICP-MS produced superior repeatability and reproducibility. The binary comparison criteria has to be selected for each method, according to their inherent instrumental variation sources and by evaluating the false inclusion and false exclusion rates. Low false exclusion and low false inclusion rates are attainable by LIBS and μ-XRF when appropriate criteria are selected. In the case of μ-XRF, it seems the match criteria should be adjusted according to the detector type. To further assess the performance of the evaluated comparison criteria, an interlaboratory collaboration extended the scope of this study to assess the discrimination among glass from different sources involving larger datasets and instrument types that will be reported in a separate manuscript.
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[bookmark: _Ref81940692]Figure S 1. Heat maps for the windshield inner fragments showing the elemental concentrations for Sr (top left), Ca (top right), Mg (bottom left), and Ti (bottom right) obtained from LA-ICP-MS analysis (ppm = µg/g).
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[bookmark: _Ref81940696]Figure S 2. Heat maps for the windshield outer fragments showing the elemental concentrations for Sr (top left), Ca (top right), Mg (bottom left), and Ti (bottom right) obtained from LA-ICP-MS analysis (ppm = µg/g). 



Table S 1: False exclusion rates for the inner windshield fragments for LIBS analysis.
	
	
	Comparison Criteria 

	
	
	Range Overlap 
	4S
	5S
	4S (3%RSD)
	4S (4%RSD)
	4S (Avg%RSD)
	4S (Max%RSD)
	Modified 4S (Avg%RSD)
	Modified 4S (Max%RSD)

	Number of Known Fragments Used in the Comparison 
	1Q-to-1K
	25.4
	18.8
	10.7
	13.3
	10.4
	5.5
	0.4
	11.0
	0.8

	
	1Q-to-2K
	7.0
	4.2
	2.5
	4.1
	3.7
	4.5
	0.3
	6.9
	0.8

	
	1Q-to-3K
	4.6
	2.8
	1.7
	2.8
	3.0
	3.9
	0.3
	5.1
	0.2

	
	1Q-to-4K
	3.3
	2.8
	1.6
	2.6
	2.5
	3.8
	0.1
	4.8
	0.2

	
	1Q-to-5K
	2.8
	2.5
	1.5
	2.3
	2.5
	4.0
	0
	4.3
	0.2

	
	1Q-to-6K
	1.8
	2.2
	1.3
	2.5
	2.5
	4.0
	0
	4.3
	0

	
	1Q-to-7K
	2.2
	2.4
	1.7
	2.4
	2.6
	4.0
	0
	3.9
	0.04

	
	1Q-to-8K
	1.9
	2.2
	1.3
	2.3
	2.2
	3.7
	0
	4.1
	0

	
	1Q-to-9K
	1.3
	2.3
	1.6
	2.1
	2.2
	3.9
	0
	4.1
	0

	
	1Q-to-10K
	1.3
	2.2
	1.43
	2.2
	2.3
	3.9
	0
	4.0
	0



Table S 2: False exclusion rates for the outer windshield fragments for LIBS analysis.
	
	
	Comparison Criteria 

	
	
	Range Overlap 
	4S
	5S
	4S (3%RSD)
	4S (4%RSD)
	4S (Avg%RSD)
	4S (Max%RSD)
	Modified 4S (Avg%RSD)
	Modified 4S (Max%RSD)

	Number of Known Fragments Used in the Comparison 
	1Q-to-1K
	18.0
	16.7
	8.0
	11.8
	8.1
	4.3
	0
	10.0
	0

	
	1Q-to-2K
	3.5
	4.9
	2.1
	4.4
	1.8
	4.3
	0
	4.9
	0

	
	1Q-to-3K
	1.4
	2.8
	1.3
	2.9
	0.7
	4.2
	0
	4.4
	0

	
	1Q-to-4K
	0.6
	2.5
	1.0
	2.9
	0.2
	3.9
	0
	4.3
	0

	
	1Q-to-5K
	0.3
	2.4
	1.0
	2.3
	0.1
	3.9
	0
	4.2
	0

	
	1Q-to-6K
	0.1
	2.4
	0.6
	2.4
	0.04
	3.9
	0
	3.9
	0

	
	1Q-to-7K
	0
	2.3
	0.6
	2.6
	0.04
	4.0
	0
	4.0
	0

	
	1Q-to-8K
	0.1
	2.7
	0.3
	2.2
	0.04
	4.0
	0
	3.9
	0

	
	1Q-to-9K
	0
	2.2
	0.6
	2.3
	0.04
	3.9
	0
	3.9
	0

	
	1Q-to-10K
	0
	2.3
	0.3
	2.5
	0
	3.9
	0
	3.9
	0



Table S 3: False exclusion rates for the inner windshield fragments for µ-XRF analysis.
	
	
	Comparison Criteria 

	
	
	Range Overlap 
	3S
	3S (3%RSD)
	4S (3%RSD)

	Number of Known Fragments Used in the Comparison
	1Q-to-1K
	54.5
	50.4
	8.9
	4.8

	
	1Q-to-2K
	13.1
	14.3
	3.5
	1.6

	
	1Q-to-3K
	8.8
	8.3
	2.9
	0.8

	
	1Q-to-4K
	4.2
	6.4
	2.4
	0.8

	
	1Q-to-5K
	2.9
	4.6
	1.9
	0.6

	
	1Q-to-6K
	2.4
	3.5
	1.7
	0.6

	
	1Q-to-7K
	2.1
	3.6
	1.7
	0.4

	
	1Q-to-8K
	1.9
	3.1
	1.7
	0.3

	
	1Q-to-9K
	2.0
	2.6
	1.8
	0.2

	
	1Q-to-10K
	1.8
	2.4
	1.5
	0.2



Table S 4: False exclusion rates for the outer windshield fragments for µ-XRF analysis.
	
	
	Comparison Criteria 

	
	
	Range Overlap 
	3S
	3S (3%RSD)
	4S (3%RSD)

	Number of Known Fragments Used in the Comparisons
	1Q-to-1K
	58.0
	55.5
	5.6
	3

	
	1Q-to-2K
	26.3
	19.7
	2
	2

	
	1Q-to-3K
	17.2
	11.9
	2
	2

	
	1Q-to-4K
	13.7
	9.4
	2
	2

	
	1Q-to-5K
	11.3
	8.1
	2
	2

	
	1Q-to-6K
	9.7
	7
	2
	2

	
	1Q-to-7K
	7.9
	6.3
	2
	2

	
	1Q-to-8K
	8.4
	5.8
	2
	2

	
	1Q-to-9K
	7
	5.3
	2
	2

	
	1Q-to-10K
	6.3
	5.1
	2
	2



[image: ]
Figure S 3. LIBS spectra for two samples originating from the same source, replicates shown in blue and green that were falsely excluded, and a sample from a different source, replicates shown in red. 
[image: ]
Figure S 4. XRF spectra for two samples originating from the same source shown in blue and green that were falsely excluded, and a sample from a different source shown in red.
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