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Abstract: Interpersonal violence is a rising issue in global society and new approaches are being
sought to combat the problem. Within this context, expanding forensic techniques to better document
violent crime scenes is critical for improving and acquiring legal evidence, such as proving or tracing
contact between victims and suspects. This project aims to demonstrate the potential for forensic
investigations in the context of interpersonal violence using a field-based reflective spectroscopy
approach. For this, a common cosmetic, Wet'N’Wild “Color Icon” blush in the shade “Pearlescent
Pink”, was mineralogically characterized using transmission electron microscopy and powder X-
ray diffraction and subsequently investigated via reflective spectroscopy on a variety of common
substrates. Differing amounts of the cosmetic product, ranging from 0.001 g to 0.075 g, were applied
to a variety of substrates using a simple push method to simulate forcible contact and material
transfer. Substrates included a pine wood block; (calcareous) sand from Tulum, Mexico; Ottawa
sand; tile; Pergo wood; linoleum; closet material; carpets; and fabrics. The reflective spectra of
cosmetic-substrate combinations were measured via an ASD FieldSpec 4 Hi-Res spectroradiometer.
The Wet'N'Wild cosmetic was reliably detected on various substrates relevant to crime scenes. Minor
amounts (as low as 0.02 mg/mm?) could be detected, and average limits of detection of 0.03 mg/mm?)
were achieved; however, a calcareous sand (Tulum) had a high level of detection (>0.38 mg/ mm?),
suggesting that further investigation is needed for more complex sand substrates. The use of the
ASD spectroradiometer as a forensic tool within the context of crime scene documentation shows
promise. Future work should expand the characterization of cosmetic materials across a broad range
of substrates and consider systematic studies of specific population groups. Furthermore, combining
this approach with hyperspectral imaging at crime scenes is a promising future direction for crime
scene documentation. This work therefore demonstrates a novel method for investigating cosmetics
within the context of interpersonal violence and provides a foundation for future laboratory and field
work using the ASD FieldSpec 4 and hyperspectral imaging systems.

Keywords: reflective spectroscopy; cosmetics; talc; violence

1. Introduction

Makeup is a term used to describe a variety of cosmetic products which are variably
applied to human skin. These products are predominantly composed of clay minerals;
commonly talc and kaolin, inorganic color additives, and glitter or shimmer particles [1-4].
As a fine-grained material that is present on the surface of skin, makeup has a high potential
to be easily transferred via direct contact either from skin to skin or from skin to other
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surfaces. Within the context of interpersonal violence, makeup can be transferred to
numerous materials that may be present as substrates throughout crime scenes, such as tile,
carpet, or wood. The detection of makeup therefore has the potential to contribute more
evidence to forensic investigations and support crime scene characterization. It is noted
here that we use the term “interpersonal violence” in line with the following definition:
“Interpersonal violence involves the intentional use of physical force or power against other
persons by an individual or small group of individuals. This can be further divided into
family or partner violence, and community violence” [5].

Investigating cosmetics in the context of forensics has been done for at least the past
100 years. For example, in 1912 French forensic scientist Edmund Locard linked the compo-
sition of scrapings found underneath a potential perpetrator’s fingernail to the composition
of cosmetic powder on the victim’s neck. In this case, the perpetrator was convicted of
premeditated murder [6,7]. While the ability of cosmetic products to be utilized as forensic
evidence was documented over a century ago, this approach was not significantly exploited
until the 1980s [7]. Historically, the investigation of cosmetic materials within these contexts
has taken place via liquid chromatography, molecular spectroscopy, atomic spectroscopy,
and gas chromatography-mass spectrometry. Collectively, as of 2019, these techniques
account for 86% of the analytical techniques used within the context described above [7].
More recent efforts have reported the successful use of portable energy dispersive X-ray
fluorescence (EDXREF), attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) and Raman spectroscopy with a growing need for field-transportable, inex-
pensive, and non-destructive techniques [7-17]. With respect to the nature of the cosmetic
product being characterized, lipsticks, nail polishes, and eye make-up have received the
most attention [7,9-17].

With makeup products often being applied to the face and with that area commonly
sustaining injury during a domestic violence case, using makeup transfer (smudges [10])
as evidence at the scene of the incident has the potential to significantly contribute to
crime scene documentation. In addition to direct injury to the head, face, and neck area
in domestic violence acts, one additional area of investigation that may be enhanced by a
better understanding of makeup in crime scenes is sexual violence crimes, as transfer of
cosmetics has the potential to occur in these scenarios also. Developing physical evidence-
based tools for the investigation of sexual violence crimes would therefore be of benefit,
particularly as sexual violence crimes tend to be underreported due to various fears the
victim may face and various obstacles that come with reporting this type of crime [9,18,19].

The goal of this study is to therefore evaluate the feasibility of reflective spectroscopy,
specifically using an ASD spectroradiometer, as a field-portable and rapid forensic tool.
As an analog for multiple forms of mineral-based cosmetics, a common blush product
was selected for this feasibility study. If sample materials can be detected on multiple and
diverse substrates, then reflective spectroscopy shows promise as a field-based forensic
investigative tool.

2. Materials and Methods
2.1. Materials

For this work, samples of the common makeup brand Wet'N"Wild were purchased.
The Wet'N’Wild brand was chosen for this study due to its affordability and common
occurrence at a wide range of retailers. All of the makeup products investigated were in
powder form and included blush of the same shade and type. Specifically, four samples of
Wet'N’Wild blush in the shade “Pearlescent Pink” from the “Color Icon Blush” line were
purchased and investigated (Figure 1). Blush was chosen as the target makeup product
due to its high surface area on one’s face, therefore being more likely to be transferred onto
a substrate. The ingredient list for the cosmetic product was also cataloged and is provided
in Supplementary Table S1.
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Figure 1. Example images of Wet'N'Wild blush showing an unmodified sample in (A) and samples
with divets taken for analytical work in (B,C). Panel (D) shows a vial of a sample in suspension to be
used for TEM analysis.

Sample-substrate combinations for this study were designed to simulate the transfer
by forceful impact of a blush-covered surface (human skin) with another substrate, which
generates a “smudge” [10]. By this means, the analogous abundance and application
patterns of makeup that could be detected because of a violent crime were documented
and characterized. Makeup materials were transferred to the substrates through a forceful
shove with a nitrile gloved finger with the specific makeup mass placed on the substrate
within the confines of a round plastic stencil area (196.07 mm?). The stencil was used
for repeatability and consistency in the area available for the ASD spectroradiometer to
measure reflective light spectra.

The substrates onto which makeup was transferred in this study included flooring
materials (carpet, linoleum, and Pergo wood), common clothing fabric (Khaki, denim, and
white cotton), bathroom and closet materials (tile and closet components), and common
outdoor materials (pine wood blocks, quartz-rich Ottawa sand, and Tulum carbonate sand).
These substrates represent a wide range of materials and were selected based on their likely
occurrence in potential crime scenes.

2.2. Methods
2.2.1. Powder X-ray Diffraction (XRD)

Basic powder X-ray diffraction analysis was used to identify major mineral phases in
the Wet’N’Wild blush with a Bruker D8 Advance X-ray diffractometer (Bruker, Billerica,
MA, USA) using Cu K« radiation. Five aliquots of powder from a single Wet'N’Wild blush
product were analyzed three times as rotating pack mounts from 2° to 75° 20, with a step
size of 0.05° 20 at 7.5 s/step.
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2.2.2. Transmission Electron Microscopy (TEM) Methods

Four aliquots of Wet'N"Wild blush were loosened using a small clean metal probe and
transferred to weigh paper. Sample masses ranged from 0.01 to 0.03 g, 0.02 g, 0.01 g, 0.03 g,
and 0.02 g, respectively.

Each of the four aliquots were placed in ethanol-cleaned glass vials to which approx-
imately 2 mL of ethanol was added. Each vial was then agitated by hand for 3 min and
allowed to settle for 10 min. Lacey Formvar Carbon-Cu grids (300 mesh, 50 um openings)
(lot 181102) from Electron Microscopy Services were placed on clean glass slides. An ~2 pL
volume of each sample suspension was deposited on each respective grid.

For bright-field TEM analysis, the samples were analyzed using a JEOL JEM 2100
TEM (Jeol Ltd., Akishima, Tokyo, Japan) operated at 200 kV at the Center for Advanced
Microscopy and Imaging (CAMI) at Miami University. The instrument is equipped with
a Bruker Quantax 200 STEM EDXS system. The TEM methods detailed above have been
used in several previous investigations [20-26].

EDS analysis of fine-grained mixed mineral or mixed-phase samples with multiple
chemical components requires an understanding of peak overlap and the limitations of
signal contributions from multiple minerals, phases, and substrates. The lines used to
identify elements were provided by Bruker software. The ubiquitous nature of oxygen, the
scatter from the copper grid, and the lacey carbon substrates that contribute to EDS spot
spectra are reported and discussed.

For talc, regarding crystallographic notation with respect to the use of Miller indices,
by convention, the triclinic systematic would require the longest axis to be defined as the
c-axis. Some researchers follow this convention and thus designate the staking direction
as being along (0k0) [27]. For the convention specifically followed in the clay mineral and
phyllosilicate literature, the stacking of 2:1 layers is in the (001) direction and the b-axis or
(0k0) functionally contains the most crystallographic complexity, as details of the stacking
direction are most evident [28]. We elected to use notation in the tradition of Bailey for all
phyllosilicates [28].

2.2.3. Spectroradiometry

For reflective spectra measurements, an ASD (PANalytical) FieldSpec 4 Hi-Res spec-
troradiometer (Malvern Panalytical, Malvern, UK) was utilized, which is a field portable
instrument that can be used in a wide range of settings (including crime scenes) due to its
versatility in both indoor and outdoor environments. The ASD FieldSpec 4 Hi-Res spectrora-
diometer has a spectral range of 350 to 2500 nm, with spectral resolutions of 3 nm at 700 nm
and 8 nm at 1400 nm and 2100 nm. The instrument is equipped with a post-dispersive
system for extremely low-stray light, which is at <0.02% for 350 to 1000 nm and <0.1% for
1000 to 2500 nm. The instrument uses a modular silicon array, as well as a Peltier cooled
InGaAs detector spectrometer platform. The values for low noise equivalent delta radiance
(NeDL) are 1.1 x 10~2 W/cm?/sr/nm at 700 nm for UV/VNIR, 2.8 x 1072 W/cm?2/sr/nm
at 1400 nm for NIR, and 5.6 x 1078 W/ecm?/sr/nm at 2100 nm. Several previous versions
of the ASD (PANalytical) FieldSpec 4 Hi-Res have been produced, and prior work has
utilized this technology in a range of settings and contexts [20,29-33].

Spectral features and bond assignments for the studied Wet’N’Wild cosmetic blush
are provided in each respective spectral figure. The reflective spectroscopy literature and
the USGS spectral library were used to determine bond assignments [34-41]. Assignments
were in part informed by knowledge of the ingredients list supplied by the manufacturer
(Supplementary Table S1). Studied sample aliquots contained both mineralogical and or-
ganic molecule features. Within the spectra that were measured, common features showed
OH and water adsorption features (e.g., 1392 nm and 1413 nm (OH in minerals)), talc and
phyllosilicates (e.g., 2310 nm (Mg-OH in talc)), and 2200 nm (Al-OH in muscovite)), reflec-
tive highs associated with Fe-bearing minerals (e.g., 535 nm and 700 nm), and adsorption
features corresponding to possibly numerous organic molecules (e.g., 1730 nm (c-H) and
1690 nm (C-OH)). Additional specific spectral feature assignments and identifications for
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substrate materials were made using data from the USGS spectral library as well as several
long-standing reflective spectra references [34—41].

Data acquisition methods for this study were adapted for this investigation from
recent papers and are very similar [31,32,42,43]. Flat plastic Petri dishes were painted
black and used as an experimental substrate for reflective spectra measurements. For
reference spectra, four replicate end member examples of blush measuring approximately
1 g were placed as a powder 1-2 mm thick in the center of each Petri dish to fill the field of
view. Reflective spectroscopy measurements were acquired under open path illumination
using the ASD (PANalytical) FieldSpec 4 Hi-Res spectroradiometer with a fiber-to-sample
distance of approximately 50 cm. The spectra for each sample were collected at 1 s intervals,
and 5 spectra were averaged for each spectrum measurement using the RS® software.

3. Results and Interpretations
3.1. Powder X-ray Diffraction (XRD)

The powder XRD scans indicated that the major mineral phases in the Wet'N’Wild
cosmetic blush are muscovite and talc (Figure 2). Additional phases that were identified
included rutile, quartz, goethite, chlorite, and lazurite (Figure 2). The powder XRD data
showed minimal variation of the major phases present. However, there appears to be a
significant discrepancy between the XRD data collected and the ingredient list reported
for the product (Figure 2). For example, mica (or muscovite), which is characterized by
an ~10 A (001) peak, is not specifically listed but is possible (see Supplementary Table S1).
Chlorite was observed, as indicated by the presence of an ~14 A (001) peak and a weak
potential (002) peak, which may have potential contributions from serpentine minerals
(Figure 2).

PDF 71-0785 SiO2 Cristobalite low
PDF 02-0052 Na-Ca-Al-Si-O-S-Cl Lazurite (Sodalite-Ultramarine)

800,000
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2Theta (Coupled TwoTheta/Theta) WL=1.54060

Counts

100000 200000 300,000 400,000 500,000 600,000

0

Figure 2. Representative basic powder XRD patterns of Wet'N’Wild blush with the major phases
identified and PDF cards. Note that there are low-angle peaks that may be smectite minerals or organo-
smectite intercalates. Additionally, the (002) peak of chlorite may potentially have contributions from
serpentine, which cannot be resolved using basic powder X-ray diffraction (see text for discussion).

3.2. Transmission Electron Microscopy (TEM)

Representative bright-field TEM data are presented in Figure 3 and show common
examples of size, morphology, electron diffraction, and EDS spectra for each dominant
phyllosilicate. Muscovite generally shows sharp reflections, while talc generally shows
some degree of pronounced stacking disorder (Figure 3). Although muscovite and talc
morphologies are similar, they can easily be discerned by their EDS spectra. Based on
the abundance and nature of these minerals, they are expected to strongly influence the
nature of reflective spectra. Minor rutile, goethite, and chlorite were also observed in TEM
data (not shown); however, lazurite was not. The data acquired via TEM are thus broadly
consistent with the XRD data.



Forensic Sci. 2023, 3

549

Intensity (cps/eV)

-

7
|

X

i

z[(o]
=]

Intensity (cps/eV)

\

El
o

-

. .
21/nm
|
3
2
(=¥
)
2
:
u =1
:
=1
/ I
=Sy =S5 B B P A
6 8 10 12 14 16 18 20 14 16 18 20
keV keV

Figure 3. Panels (A-C) summarize a dataset for representative platy muscovite particles, with
(A) being a bright-field image with a scale bar of 1 um, (B) an electron diffraction pattern of ~(hk0)
showing sharp reflections, and (C) an EDS spectrum with abundant Al, Si, and K, consistent with
the presence of muscovite. Panels (D-F) summarize a dataset for representative platy talc particles,
with (D) being a bright-field image with a scale bar of 200 nm, (E) an electron diffraction pattern of
~(hk0) [28] (or (hOl) [27]) showing stacking disorder, and (F) an EDS spectrum with abundant Mg and
Si, consistent with talc. The Cu peak is attributed to the grid.

Although the Wet'N'Wild cosmetic blush was not specifically investigated for asbestos,
talc fibers were observed. Figure 4 shows representative images of talc fibers (>3:1 aspect
ratio), an electron diffraction pattern of ~(hk0) (or [hOl] [27]) showing stacking disorder, and
EDS spectra with Mg and Si being abundant. Collectively, these observations are consistent
with talc. It is noted here that talc fibers were much less abundant than talc or mica particles
and were estimated to be <0.5% of the population of particles.
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Figure 4. Representative images of talc fiber particles (>3:1 aspect ratio), with the panels in (A,D)
being bright-field images with scale bars of 0.5 um, (B,E) electron diffraction patterns of ~(hk0) [28]
(or (h01) [27]) showing stacking disorder, and (C,F) an EDS spectrum with abundant Mg and Si being
abundant, consistent with talc. The Cu peak is attributed to the grid.
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Reflectance

3.3. Reflective Spectroscopy

Reference reflective spectra for the Wet’'N’Wild blush, collected in a black Petri dish, are
provided in Figure 5, with major features identified. Figures 6-9 present reflective spectra
from varying masses of blush on the variety of substrates investigated. Figure 6 shows
spectra for makeup-bearing indoor flooring materials, including light and dark carpet
samples, a medium-toned linoleum, and Pergo synthetic wooden flooring. Figure 7 shows
spectra for makeup-bearing clothing fabrics, including khaki, denim, and white cotton.
Figure 8 shows spectra relating to materials associated with, or expected in, bathrooms,
including white tile, light brown tile, and a khaki fabric with cardboard (hanging organizer).
The spectra shown in Figure 9 are associated with materials that may be found outdoors,
with Ottawa sand representing common quartz rich sand, carbonate sands from Tulum
Mexico representing calcareous environments, and a common pine 2" x 4" board.

Wet'N'Wild Spectra

Reflectance

»° > Wav;i:;lgth (nm) o0 o
Figure 5. Four replicate spectra for Wet'N’Wild blush. The major features are interpreted to be as
follows: ~350 nm (Mn and Fe), weak doublet at 506 nm (S) and 535 nm (Fe3*), weak doublet at
1185 nm 1205 nm (OH and C-H), 1392 nm and 1413 nm (OH in minerals), triplet centered on 1730 nm
(C-H), 1960 nm (C-OH), (G) 2200 nm (Al-OH, C-H, C-O, C=0, and N-H), and (H) 2310 nm (Mg-OH,
Al-OH, and OH).
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Figure 6. Spectra for floor materials. Carpet 1: Spectra for blush on light tan carpet, with major
features and interpreted causes being (A) weak inflection at ~535 nm (Fe3*), (B) weak inflection at
700 nm (Fe3*), (C) 1205 nm (OH and C-H), (D) 1385 nm (H,0), (E) 1583 nm (C-OH), (F) doublet at 1704
and 1760 nm (C-H), (G) 1875 nm (H,O/OH), (H) 1940 nm (top) grading into 2040 nm (change in OH
type), (I) 2182 nm (C-H, C-O, C=0, and N-H), (J) 2310 nm (Mg-OH, Al-OH, and OH), and (K) weak
doublet at 2346 and 2376 (C-H). Pergo Wood 1: Spectra for blush on Pergo flooring, with major
features and interpreted causes being (A) very weak inflection at ~535 nm (Fe3*), (B) weak inflection
at 700 nm (Fe3*), (C) 1200 nm (OH and C-H from cellulose), (D) 1430 nm (OH and H,0), (E) 1720 nm
(C-H), (F) 1900 nm (H,O/OH cellulose), (G) 2100 (C-H, OH, and cellulose), and (H) 2310 nm (Mg-OH,
Al-OH, and OH). Spectra for blush on dark brown carpet (Carpet 2) and blush on linoleum (Linoleum)
are provided in the Supplementary Materials.
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Figure 7. Spectra for clothing fabric. Spectra for blush on Fabric 1 (khaki), with major features and
interpreted causes being (A) a doublet at 506 nm (S) and at ~535 nm (Fe3*), (B) weak feature at 1205 nm
(OH cotton), (C) 1392 nm and 1418 nm (OH and C-H), (D) 1730 nm (C-H), (E) 1932 nm (H,O/OH

cellulose), (F) 2200 nm (Al-OH, C-H, and C-O), and (G) 2310 nm (Mg-OH, Al-OH, and OH). Spectra
for blush on Fabric 2 (denim) and Fabric 3 (white cotton) are provided in the Supplementary Materials.
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Figure 8. Materials related to bathrooms. Spectra for blush on white Tile 1, with some major features
and interpreted causes being (A) weak doublet at ~506 nm (S) ~535 nm (Fe3*), (B) doublet at 1397 nm
and 1416 nm (H,O and OH), (C) triplet with most intense at 1730 nm (C-H), (D) weak 1965 nm
(C-OH), (E) 2200 nm (Al-OH, C-H, and C-O), and (F) 2310 nm (Mg-OH, Al-OH, and OH). Spectra
for blush on light brown spectra for blush on khaki fabric with cardboard, with some major features
and interpreted causes being (A) weak doublet at ~506 nm (S) ~535 nm (Ee3*), (B) weak doublet at
1185 nm and 1205 nm (OH and C-OH), (C) 1205 nm (OH and C-H), (D) triplet (1710 nm, 1720 nm,
and 1760 nm) grading to doublet at 1710 nm and 1720 nm (all (C-H)), (E) weak 1966 nm grading to
1947 nm (C-OH), (F) 2200 nm (Al-OH, C-H, and C-O), and (G) 2310 nm (Mg-OH, Al-OH, and OH).
Spectra for blush on Tile 3 and on closet material are provided in the Supplementary Materials.

ASD analysis of Wet'N'Wild blush on these listed substrates demonstrated that
makeup is detectable at the mg/mm? scale using remote sensing forensic techniques.
This was established by comparing makeup-bearing substrates to the reference blush sam-
ple. Spectral analysis showed that Wet'N’Wild blush is detectable on substrates at an
average of 0.03 mg/mm? (Table 1). The ASD spectra on certain substrates tend to show
makeup on the ASD spectra at lower concentrations. This is attributed to these substrates
being darker in color and therefore absorbing more light, while substrates which are lighter
in color have a higher albedo and therefore will be more readily detected on the ASD.
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%

In these scenarios, there is more interference within the spectra generated, and thus it is
more challenging to discern the substrate from the makeup. For example, Carpet 2 is a
dark brown color and has the lowest limit of detection at 0.02 mg/mm? (Table 1; Figure 6).
There is less interference contributed by the darker substrates on the spectra due to the
dark substrate absorbing light, making the makeup easier to detect at lower abundances.
Substrates which are lighter in color, however, require higher concentrations of makeup
in order for them to be detectable via spectral analysis. For example, Fabric 1 (khaki)
and Fabric with Cardboard 1 (hanging organizer) had detection limits of 0.03 mg/mm?
(Table 1; Figures 7 and 8), while other light-colored substrates, such as Wood Block 1, Tile 3,
Pergo Wood 1, Linoleum 1, and Fabric 2, had detection limits of 0.05 mg/ mm? (Table 1;
Figures 6-9).

Tulum Sand Spectra
C B

: |
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m/\
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Figure 9. Outdoor materials. Spectra for blush on Ottawa sand, with major features and interpreted
causes being (A) doublet at ~506 nm (S) and 535 nm (Fe3*), (B) 1420 nm (OH), (C) 1940 nm (OH),
(D) 2117 nm (OH), and (E) 2310 nm (Mg-OH, Al-OH, and OH). Spectra for blush on Tulum carbonate
sand, with major features and interpreted causes being (A) weak inflection at ~535 nm (Fe®"),
(B) 1450 nm (H,0), (C) 1900 nm (H,0), and (D) 2350 nm (CO32~). Blush is below the detection limit
for the experimental conditions on Tulum carbonate sand. Spectra for blush on a pine wood block are
provided in the Supplementary Materials.

Table 1. The smallest amount of makeup detected (limit of detection) on all substrates measured.

Substrate Limit of Detection
Carpet 1 0.04 mg/mm?
Carpet 2 0.02 mg/ mm?
Closet Material 1 0.03 mg/mm?
Fabric 1 0.03 mg/ mm?
Fabric 1 with Cardboard 0.03 mg/mm?
Fabric 2 0.05 mg/mm?
Fabric 3 0.05 mg/mm?
Linoleum 1 0.05 mg/mm?
Ottawa Sand 0.03 mg/mm?
Pergo Wood 1 0.05 mg/mm?
Tile 1 0.03 mg/mm?
Tile 3 0.05 mg/mm?
Tulum Sand >0.38 mg/mm?

Wood Block 1 0.05mg/ mm?
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The minimum limit of detection across all makeup-bearing substrates was 0.02 mg/mm?,
with a maximum limit of detection of >0.38 mg/ mm? (Table 2). The standard deviation
amongst samples was 0.011 mg/mm? (excluding Tulum sand; Table 2). This establishes
the variation in the limit of detection of blush between substrates that may be present
in a crime scene. The mineralogical composition of the Wet'N"Wild blush samples was
well characterized via powder XRD and is considered to be uniform at a level of a few
wt. %. Thus, this further substantiates the interpretation of the limit of detection for this
investigation.

Table 2. Maximum, minimum, average, and standard deviation values for limit of detection of
measured substrates. Tulum sand is not accounted for in the average and standard deviation due to
its detection limit being undetermined in this study.

Maximum Minimum Average Standard Deviation

>0.38 mg/mm2 0.02 mg/mm2 0.03 rng/mm2 0.01 mg/mm2

4. Discussion

Reflective spectroscopy shows promise as a forensic investigative tool, as blush, used
in this study as an analog material for mineral-based cosmetic products, can be detected in
multiple and diverse substrates.

Powder XRD and TEM indicate that the cosmetic material investigated was miner-
alogically homogeneous and supports the minimal variation of the reflective spectra of
the reference blush. The minerals observed by powder XRD are also consistent with the
absorption and reflective features of the spectra collected.

Basic powder XRD is limited in use for the detailed investigation of phyllosilicates
owing to the preferred orientation, overlapping peaks of some minerals, and sample
preparation challenges [44,45]. Basic X-ray diffraction is, however, a method commonly
used by forensic scientists despite these noted limitations. Numerous flaws exist with
cosmetic industry methods, for example, the powder XRD portion of the CTFA J4-1 method
intentionally induces orientation, uses preparation treatments that may remove or obscure
analytical targets, and uses a limited range of scanning. Conservatively, basic powder
XRD should be regarded as only being able to detect major phases within the context of
phyllosilicate-dominated materials, which are present at several weight percent. These
phases are the most likely to contribute to reflective spectra and dominate TEM observations.
Thus, basic powder XRD is regarded as instructive during the study of these materials but
not definitive.

Chlorite is commonly associated with talc (e.g., [46,47]); however, it should be noted
that the (002) peak of chlorite (Figure 2) may have a contribution from serpentine, including
chrysotile, which cannot be resolved using basic powder XRD. Serpentine minerals (e.g.,
lizardite, antigorite, and chrysotile) also have the potential to be associated with talc
materials [47]. Additionally, it should be noted that there may be more than one chlorite
composition present in this mixed-mineral material. Multiple chlorite and serpentine
mixtures, if present, are not identifiable via the basic XRD methods. The observation of
low-angle peaks may indicate that smectite minerals, or organo-smectite intercalates, and
numerous organic ingredients are present in the blush. This is consistent with the ingredient
list provided by the manufacturer (see Supplementary Table S1). These organic molecules
have the potential to adsorb, exchange, or intercalate with any smectite or expandable
mineral layers present. Accordingly, detailed investigations using more advanced clay
mineral or phyllosilicate techniques are warranted for cosmetic materials in future studies
in order to better define the nature of organo-mineral materials.

Asbestos content was not investigated in this study. Examples of talc particles were
observed that conform to countable particles by the FDA’s INGACP December 2021 White
Paper [48]. The concentration of these particles was not determined; however, these
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findings merit further detailed TEM analysis using methods recommended by the INGACP
December 2021 White Paper.

To our knowledge, this is the first study to evaluate reflective spectra variation of a
common (U.S.) brand of blush on numerous substrates that are representative of materials
that have the potential to be encountered in crime scenes within the context of interpersonal
violence. Variations in spectra were observed and were interpreted to be largely from
diminished signal contributions correlative to diminishing mass. A range of detection
limits was also observed. Data from this investigation have the potential to directly support
hyperspectral imaging of indoor and outdoor crime scenes. Specifically, hyperspectral
imaging is a remote sensing technique where images are acquired and, within an image,
each pixel corresponds to a measured spectrum of a given wavelength, such as 350 nm to
2500 nm. Thus, hyperspectral imaging can also be used to detect and identify materials in
a given scene, provided a library exists to identify such materials. Such approaches may be
useful for documenting crime scenes before investigators enter and potentially disturb a
space. In addition, the data reported in this work demonstrate the proof of concept and
address potential variability. The blush used could hypothetically not have been detected
on the numerous substrates evaluated, but limits of detection (average = 0.03 mg/mm?)
were clearly achieved. A next phase in this investigation could be to replicate the work
under conditions of stress, including simulated water, high heat, and mechanical stressors.

Makeup-bearing substrates which were lighter were more variable, meaning that
makeup was detected at varying concentrations. Closet material and Tile 1 both showed
limits of detection of 0.03 mg/ mm? (Table 1; Figure 8), while Fabric 3 (white cotton;
Table 1, Figure 7) showed a limit of detection of 0.05 mg/mm?. This is because the spectral
characteristics of the substrates cause interference compared to the composition of the
blush, which generates unique spectral features, making it more challenging to discern the
makeup from the substrate.

The blush on sands, however, showed the most variety in the limit or nature of
detection. The well-rounded, very quartz-rich, spectrally bright (white) Ottawa sand
showed a limit of detection of 0.03 mg/mm? (Table 1; Figure 9), while the carbonate
Tulum sand depicted the highest limit of detection among the substrates, as the limit
was not determined and is therefore reported at >0.38 mg/mm? (Table 1; Figure 9). The
comparatively high limit of detection of blush observed in the Tulum sand compared to the
Ottawa sand (0.03 mg/mm?) is likely related to the substrate’s relatively high porosity and
scatter, the shadow of grains, and the grain texture [49]. The Tulum sand is very porous
owing to the presence of fossil materials, its high mechanical hardness, and the solubility
variation of calcite and aragonite. High intragranular microporosity likely enables cosmetic
material to be functionally sequestered or adsorbed within grains via intragranular porosity,
resulting in a lower spectral yield. This is counterintuitive, as the Tulum sand is relatively
spectrally bright (white) and would be expected to enable spectral distinction. However,
this example documents the importance of understanding the physical characteristics of
substrate materials.

The results of this investigation demonstrate the potential utility of using reflective
spectroscopy, specifically the ASD spectroradiometer or similar instruments, with a blush
product on a wide range of substrates and would support future studies which could assess
a variety of different types of cosmetic materials. This study also opens the possibility of
establishing a detailed reflective spectra and mineralogical database for makeup types on
numerous substrates that can be used throughout the forensic sciences. Such a database
could be integrated into existing databases [42] or hyperspectral imaging databases cen-
tered on human materials [42]. There is increasing interest in the use of hyperspectral
imaging and technology for forensic purposes for materials relating to crime scenes and
their investigation [50-52]. In the context of forensic study, hyperspectral imaging and
technology has been demonstrated as useful, or to have potential use, for materials such as
semen [53]; paper documents, including bank notes [51,54-56]; hidden graves and human
remains [57]; as well as gunshot residue material [58,59] and stains involving blood [60,61].
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The results of the present investigation on blush continue to support the development,
integration, and application of hyperspectral imaging and technology.

Future investigations within these fields of study should incorporate a wide variety
of cosmetic types and brands and include those that are representative and inclusive of
varying skin tones and cultures. Although this study focused on one single type of cosmetic
product purchased in the U.S. and demonstrated efficacy in detection, it is important to
acknowledge that other types and styles of cosmetics exist and that multiple groups of
people use similar cosmetics or specialty cosmetics. For example, cosmetics available for
children and a range of entertainers or performers should also be studied.

The potential exists for crime scene investigators to use the portable ASD (PANalytical)
FieldSpec 4 Hi-Res to identify the presence of makeup at a crime scene. With this context
and knowledge, investigative efforts could then be made to link common materials or items
to potential cosmetic products the victim(s) and the perpetrator(s) had access to and/or
were known to wear. A comprehensive library would need to be systematically developed
to support such forensic investigations, and specific methods would need to be developed
to support effective prosecution.

Based on the findings presented, further research could yield a viable tool for gath-
ering evidence in the assault of cosmetic wearers. Potential applications of such a tool
include tracking the whereabouts of a victim, providing quantitative evidence in an investi-
gation, and linking a victim to a potential suspect’s property and/or vehicle (or mode of
transportation) via the transfer of cosmetic material. Further investigation would include
additional substrates as well as a wide range of makeup products (foundation, eyeshadow,
lipstick, etc.) of varying brands. A more comprehensive spectral database would be useful
to investigators and support the identification of more products via spectral analysis.

Critical to such uses would be the development of specific field protocols for collecting
data with spectroradiometers, and such protocols may (and likely would) vary for indoor,
outdoor, and physical conditions. Such protocols would ideally be developed in collabora-
tion with forensic scientists, law enforcement officers, and prosecutors in order to establish
the most effective and efficient approaches for all.

5. Conclusions

Reflective spectroscopy shows promise as a forensic investigative tool. Blush, used
here as an analog for mineral-based cosmetics can be detected on multiple and diverse
substrates. Through primary use of the ASD (PANalytical) FieldSpec 4 Hi-Res spectrora-
diometer, this study has documented that the Wet’'N’Wild “Color Icon” blush in the shade
“Pearlescent Pink” could be reliably detected on various indoor substrates. Specifically,
small amounts of makeup, as low as 0.02 mg/mm?, can be detected on common mate-
rials expected to be found in indoor environments (e.g., tile and carpet), as well as two
representative sands as outdoor substrates. Average limits of detection (0.03 mg/mm?)
across substrates were achieved; however, the Tulum sand had a notably high limit of
detection (>0.38 mg/mm?), indicating that further investigation is needed for substrates
with more complex surface characteristics. The utility of the ASD spectroradiometer in
these contexts has thus been demonstrated by this study, and future work should system-
atically focus on investigating a broad range of cosmetics (both type and manufacturer)
used by a range of makeup wearers. Powder XRD data and TEM are broadly consistent
and show minimal mineralogical variation. However, there appears to be a discrepancy
between the XRD data collected and the ingredient list reported by the manufacturer for
this particular cosmetic product. XRD and TEM data provide mineralogical constraints
and aid in the interpretation of bond assignments. This study therefore demonstrates
the feasibility of developing comprehensive spectral libraries which are optimized for the
detection of cosmetic materials.
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