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ABSTRACT
A collection of 42 feldspar mineral samples from awide geographical range of North America
was examined by cold-cathode cathodoluminescence (CL) spectroscopy. Characteristic
wavelength peaks, which were determined to be independent of geographic origin, were
associated with each feldspar phase. Most of these peaks were attributed to previously assigned
Mn?* and Fe** luminescent centers and structural defects. An unattributed set of infrared (IR)
peaks was observed in many samples; one uncommon ultraviolet (UV) peak was observed in
samples from two locations. The peak centroids associated with the Mn?* and Fe** luminescent
centers vary with stoichiometric changes in the K-Na-Ca composition of the feldspars. For both
alkali and plagioclase feldspars, shiftsin CL peak centroids correlate well with lattice size, as
measured by x-ray diffraction (XRD). Additional analyses of the feldspar samples by electron
microprobe analysis (EMP), particle-induced x-ray emission spectroscopy (PIXE), energy-

dispersive micro-X-ray fluorescence spectroscopy (UXRF), and/or laser-ablation inductively
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coupled plasma mass spectrometry (LA-ICP-MS) were conducted for confirmation of elemental
composition. These results demonstrate the potential of CL spectroscopy, arelatively
nondestructive analytical technique, to facilitate rapid discrimination between feldspar samples.
The addition of CL spectroscopy of feldspars to existing forensic analytical protocols for
geologic materials has the potential to provide support for casework, both to discriminate sources

in aforensic comparison, as well asto constrain the provenance of an unknown sample.

Keywords. Luminescence, feldspar, forensic geology, spectroscopy

INTRODUCTION

Mineral luminescence can occur when electrons excited by the passage of ionizing radiation
relax and release photons. Luminescence is only possible when the deposited energy of the
incident radiation is sufficient to allow electrons to jump the band gap of a crystal lattice.
Specific trace elements as well as | attice defects within the mineral’s crystal structure create
intermediate energy levels between valence bands and conduction bands for additional €lectron
transitions, allowing certain minerals to luminesce brightly at specific wavelengthsin the
ultraviolet, visible, and near infrared (UV-vis-NIR) regions following irradiation (Goétze et al.
2000; Gotze 2002). Although these electronic transitions occur at specific wavelengths,
interactions with non-shielding electrons produce broad peaks typical of a cathodoluminescence
(CL) spectrum (Gotze 2000; Gotze 2002). The peak centroids of these transitions are dependent
on the crystal field experienced by the luminescent center and on the chemical composition of

the mineral (Krbetschek et al. 2002).

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



57

58

59

60

61

62

63

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4661 9/3

Although the mechanisms that give rise to mineral luminescence are widely known, most CL
experimental studies remain qualitative in nature because the relative peak intensity within
samplesis highly variable. Thisvariability of luminescence intensities has been attributed to
many factors, including instrumental/analytical factors (e.g., incident radiation intensity
variation, (Thomas 1987)), crystal-chemical factors (e.g., defect/element concentration (Gotze et
a. 1999; Haberman 2002; Parsons et al. 2008), sensitizing, quenching (Kabler 1964), etc.), and
interactions between the solid and the incident electron beam (e.g., orientation angle dependence
of the crystalline sample with respect to the ion beam (Walderhaug and Rykkje 2000; Finch et al.
2003; Munisso et a. 2007; Garcia-Guinea et al. 2007)). Recently, a quantitative use of CL peak
centroid wavelengths has been proposed as a forensic method to identify minerals and
characterize the mineral chemistry of geological trace evidence (Palenik and Buscaglia 2007).
The study reported in this paper describes the reproducibility of CL spectrafrom feldspar
samples and the forensic utility of geographical source attribution using CL signatures from

commonly encountered feldspar minerals.

Feldspars are found ubiquitously on the earth’ s crust; therefore, techniques that specifically
determine feldspar provenance may be important tools in future forensic investigations (Ruffell
and McKinley 2005; Pye and Blott 2009). Geographic provenance of geological samples has
utility in forensic science when dealing with intelligence and criminal matters. For the purposes
of this study, we define provenance to be the geological origin of the mineral, rather than a
purely forensic science definition. CL microspectrophotometry may make it possible to rapidly

analyze sediment samples and characterize the bulk mineral chemistry of large numbers of
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diverse feldspar minerals based on their CL spectrum. Although CL peak intensities vary
dramatically even between mineral grains of the same phase within a source, CL peak centroids
remain constant within a homogenous sample because they result from the crystal field
experienced by the luminescent centers within the mineral (i.e., mineral structure). For CL data
to be utilized forensically, the within-source variability should be small relative to the between-
source variability. That is, (1) similar minerals from the same location should yield similar CL
spectral peak positions and (2) similar minerals from different locations should yield CL spectra
with different peak centroids. If the CL peak centroids vary by geographic location, just as
mineral formations vary, then these data could provide insight about the provenance of a sample.
Cold-cathode CL spectroscopy could then be used to quickly show distinctive characteristics of
the feldspars within each sample. The purpose of this particular study isto demonstrate the
potential for CL measurements of any particular feldspar sample to yield reproducible peak
centroids that vary significantly in different geographical regions of North America. Thisisa
necessary first step with museum-quality samples required to show that such a technique could
be used to distinguish feldspar provenance. Although further studies will be necessary to
demonstrate that feldspar crystals of one rock complex are homogeneous enough to provide
useful information for forensic geological investigations, thisinitial study demonstrates that this

method could be aviable forensic tool.

METHODS
Forty-two feldspar samples, including 20 alkali feldspars (referring to any feldspar with the
general formula K[AISi3Og]) and 22 plagioclase feldspars (referring to any feldspars of the

genera formula (Na,Ca)[Al(Si,Al)Si»Og]), of known provenance were obtained from the
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Department of Mineral Sciences of the Smithsonian Institution National Museum of Natural
History and Ward' s Science. The provenance of the feldspar samples encompasses a broad
geographic area of North America and the samples include a range of feldspar types from well-
characterized geological formations. The lithological unit that describes each formation from
which feldspar samples were collected was identified in Bernard and Hyrdl (2004); details of

these samples and their locations are listed in Appendix 1.

Each mineral sample was mechanically fractured into fragments ~300-700 um in diameter and
each fragment was evaluated visually using reflected light (RL) stereomicroscopy. Specimens
were excluded if the inner surfaces of the fragments exhibited extensive weathering or any sort
of visual impurity, such as the mixture of two visible minerals. Because RL microscopy does not
provide a complete sample characterization, homogeneity of every sample is not guaranteed,

however, obvious heterogeneous fragments were excluded from our analyses.

From each fractured feldspar sample, six replicate crystal fragments were analyzed with CL,
followed by ion-beam induced luminescence (IBIL). After the luminescence spectrawere
obtained by CL and IBIL analysisto demonstrate the variety of luminescent signatures available
across the sample set, the elemental composition of these grains was determined by energy-
dispersive micro-X-ray fluorescence (UXRF) spectroscopy. The major and minor chemical
element composition of each feldspar sample was confirmed using energy-dispersive micro-X-
ray fluorescence spectroscopy (LXRF), using the same grains that were nondestructively studied
by CL and IBIL. Some of the feldspar samples, although not the same grains on which CL and

IBIL were obtained, were also analyzed using electron microprobe analysis (EMP) and particle-
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induced X-ray emission (PIXE) spectroscopy to confirm the characterization by uXRF. An
additional replicate fragment of each feldspar sample was analyzed with minimal destruction
using laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to investigate
the presence of trace elements of interest using a more sensitive analytical method. Additional
replicates were also selected and mechanically ground into afine powder for measurement by X-

ray diffraction (XRD) for crystallographic information.

Spectrometer wavelength calibration was verified for the luminescence spectral analysis
techniques (CL and IBIL) using a sample of zircon that was obtained from the John P.
Wehrenberg reference collection (Montana State University, Missoula, MT); this zircon sample
was chosen because of the numerous rare-earth element lines with narrow peak widths across its

CL spectrum.

All luminescence spectra collected had background baselines subtracted to minimize the effect of
background light noise. Because the relatively broad luminescence peaks observed are not
Gaussian in wavelength space, the background-subtracted luminescence spectra were converted
to energy space, deconvolved and fit with 4-6 peaks using the commercial software, OriginLab®

(http://www.originlab.com) and converted back to wavelength space.

CL
Six replicate hand-selected mineral grains from each of the 42 feldspar and 1 zircon minera
samples were mounted on double-sided, spectroscopic-grade carbon tape adhered to aluminum

dlides. Excitation was conducted in vacuo using a CITL MK 5-2 cold-cathode CL system with an
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accelerating voltage of ~11.6 kV, acurrent of ~400 uA, and a beam spot size of approximately 1
cm?. The cold-cathode CL vacuum stage with aleaded glass optical window was centered under
aLeica S8 APO stereomicroscope with a 10X objective. Spectroscopic measurements in the
range of 350-1050 nm were made using a fiber-optic cable attached to an Ocean Optics
USB4000 spectrometer fit to the dual-port stereomicroscope; the entire spectral region was
measured at one time for each replicate measurement. Typica acquisition timesfor the
spectroscopic measurements were 1-16 s.  Blank backgrounds were manually subtracted offline
using the OriginLab® software for each spectrum. All CL spectral data reported in this paper

were collected with this system.

Interlaboratory analyses were conducted using a second CL system. For the purposes of this
paper, the data acquired using this second CL system are included solely for the discussion of the
wavel ength dependence of detection efficiency for cold-cathode instrumentation in general and
the implications for forensic science applications. The second CL system, a cold-cathode
Luminoscope ELM-3R CL system, was used for sample excitation in vacuo, with an accelerating
voltage of 10 kV and a current of 1 mA. The electron beam was focused onto the sample using
permanent magnets for a beam spot size of approximately 0.3 cm?. The cold-cathode CL vacuum
stage with aleaded glass optical window was centered under a Nikon Eclipse E800 polarized
light microscope with a 10X extra-long working distance objective. Spectroscopic measurements
in the range of 300-1100 nm were made using afiber-optic cable attached to a Horiba Jobin-
Yvon TRIAX 320 spectrometer, with a 1 mm dlit width, a 1200 groove/mm grating, and a
Horiba Jobin-Y von Symphony® CCD detector. Two 2.5-s acquisitions at each wavelength were

obtained from each sample and averaged to give afinal spectrum; the entire spectral region was
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measured at one time for each replicate measurement. Blank backgrounds were subtracted in

SynerJY " (Horiba Jobin-Y von) software upon collection.

IBIL

The six feldspar samples from Ward' s Science and one zircon calibration sample were exposed
to a3.4 MeV proton beam produced at the Hope lon Beam Analysis Laboratory; for each
analysis, the exact same minera grains as those analyzed by the CITL-MK 5-2 cold-cathode CL
system were used. |BIL measurements used low beam currents of ~1 nA and micro-focused
beam spots of ~50 um diameter to prevent sample degradation. For all sample analyses, the spot
size was smaller than the target mineral grains and multiple locations per grain were sampled.
Spectroscopic measurements in the range of 350-1050 nm were made using light collected from
alens mounted at ~145° to the beam and ~2 cm from the target via a fiber-optic cable attached to
an Ocean Optics USB4000 spectrometer (the same spectrometer as used for the CITL-CL
measurements). The entire spectral region was measured at one time for each replicate
measurement. Blank backgrounds of the target were subtracted offline using the PeakFit®4.0

software for Windows to account for the effect of background light noise.

UXRF
The elemental compositions of the same six replicates of 42 individual mineral grains that were
analyzed by CL and IBIL were determined using uXRF. A Horiba XGT-7000V X-ray
microscope with arhodium excitation source, 400 um monocapillary, and aliquid nitrogen-
cooled, high-purity Si detector was used to acquire the uXRF spectra. An accelerating voltage of

30 kV was used, and the X-ray tube current was auto-adjusted for optimum dead time; each
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spectrum was acquired for 1200 live seconds. The samples were measured in two orientations
relative to the excitation beam in order to distinguish interfering diffraction peaks from
characteristic X-ray emission peaks. An external soda-lime silica glass standard reference
material, NIST SRM 1831 (National Institute for Standards and Technology, Gaithersburg MD)
was analyzed multiple times with each analytical run as a system performance check and used as

asingle-point calibration standard.

XRD

One separate subsample of each mineral sample was ground into afine powder, which was
placed on a mono-crystalline-silicon, zero-background sample holder, and analyzed using a
PANalytical X’ Pert Pro diffractometer. Analysis conditions included: a nickel filter, 0.04 radian
Soller dlits, afixed divergence dlit (0.25°), 0.08° step size, 1 deg/s, 16 sping/min, and a 26 range
of 5-75°. The commercial software program, X’ Pert HighScore version 2.2e (2.2.5, release date
02-03-2009, PANalytical B.V. 2003) was used to evaluate the data; data were searched using
severa International Centre for Diffraction Data databases, including PDF-2 (2008), PDF-4+
with Slevet+ (2010), and the Joint Committee on Powder Diffraction Standards' PDF cards

(Berry 1974).

LA-ICP-MS

Direct solid sampling of one additional replicate mineral grain from each feldspar sample (other
than those grains on which CL, IBIL, and uX RF measurements were made) was carried out
using a New Wave Research UP-213 Nd:Y AG 213 nm laser ablation system. Ablation was

conducted using helium gas flow through the sample cell, with argon make-up carrier gas. The
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laser conditions were: 70% power, pulse frequency of 20 Hz, and a 160 um spot size. Three
replicate 90-s ablation spots were acquired per feldspar grain. For each ablation, a background
signal was collected for 32 seconds, 30 seconds of which were integrated for background
correction to allow for slight inconsistencies in the manual start of mass spectral data acquisition.
The ablated material was analyzed with a Hewlett-Packard 4500plus quadrupole ICP-MS; 60
seconds of signal during ablation were integrated per isotope. Datafor the following isotopes
were acquired: 23Na, 25Mg, 27AI, 298i, 39K, 42Ca, 49Ti, 57Fe, 85Rb’ 888'., QOZr, 13783, 138Ba’ 139La,
1%0ce, 19N d, **°Eu, and 2% 2" 28ph_ To correct for instrument drift over long analytical runs, an
external glass standard reference material NIST SRM 612 (National Institute of Standards and
Technology, Gaithersburg, MD) and a sample of reference glass FGSL1 (Latkoczy et a. 2005)

were analyzed multiple times within each run.

PIXE

The same mineral grains analyzed by CL and IBIL were also analyzed by PIXE spectroscopy. X-
rays were detected in alithium-drifted silicon detector mounted at 145° to the beam of 3.4 MeV
protons that were focused to a~50 um spot on multiple locations within each mineral grain.
Approximately 1-2 nA of beam was delivered for 600 sfor atotal charge deposition of
approximately 0.5-1 uC. The beam current was integrated before and after each run with a
Faraday cup and an absolute normalization was obtained from backscattered protons detected in
asurface barrier silicon detector at 168° to the beam. The X-ray spectrawere analyzed using a
thick-target option in GUPIXWin software (Maxwell et al. 1995). A solid-target NIST SRM

2586 standard was used to normalize the absolute elemental concentrations.
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EMP

Feldspar reference samples obtained from Ward’ s Science were analyzed with the University of
Georgia Department of Geology’s JEOL 8600 EMP using a 15 kV accelerating voltage and 5 or
10 nA beam currents. Quantitative analyses were performed with awavelength dispersive
spectrometer (WDS) automated with Geller Microanalytical Laboratory’s dQANT software,
using 10-s counting times, and both natural and synthetic mineral standards (Smithsonian
Microbeam Standards, http://mineral sciences.si.edu/facilities/standards.ntm#1). Analyses were
calculated using Armstrong’s (1988) Phi-Rho-Z matrix correction model. Backscattered electron
photomicrographs were acquired using Geller Microanalytical Laboratory’s dPICT imaging

software. A 10 um diameter beam was used when possible, but exsolution lamellain some of the

samples necessitated using 1 or 5 um beam diameters.

RESULTSAND DISCUSSION

Elemental composition

The elemental compositions obtained via uXRF are plotted on atraditional feldspar ternary
diagram (Fig. 1) and are tabulated in Appendix 1. The uXRF data were selected for presentation
in Fig. 1 because they were acquired from the same particles as those measured with CL and
IBIL, thereby permitting direct comparison of the spectroscopic results to the elemental

composition.
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To confirm the WX RF characterization of the samples, the elemental composition obtained by
more penetrating probe techniques (PIXE and EMP) on replicate samples were compared to the
UXRF results. An example of this comparison is shown in Fig. 2 for the calcium content in five
feldspar samples obtained from Ward's Science. There is good agreement between all three
elemental characterization techniques for al but the bytownite sample, which suggests that the
incident beam penetration depth (~70-100 um for uXRF) was sufficient for bulk analysis of the
samples and accurately represents the percent orthoclase, anorthite, and albite composition for

each sample.

Despite our careful selection using RL stereomicroscopy, in which we attempted to choose only
highly homogeneous samples, most feldspars exhibit some sample microheterogeneity. Due to
this mineral sample heterogeneity and the microsampling of the LA method, higher variability in
the calculated elemental concentrations was noted for some grains with LA-ICP-M S than with
UXREF. In addition to the different sensitivities of the two methods, some of the differences
between the results calculated with LA-ICP-M S and uXRF are likely due to the fact that the
same feldspar grains displaying microheterogeneity were not analyzed with both techniques.
Further, variations in and differences between elemental analyses may also be caused by zoning

in the feldspar grains.

Peak assignment
Representative luminescence spectra obtained from CL and IBIL spectroscopy are shown in Fig.

3. Each of the peaksis labeled with its respective luminescence source.

12
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From literature references (Gotze et a. 2000; Krbetschek et a. 2002; Gorobets and Rogojine
2002) and independent elemental analysis, it was observed that most of the characteristic
luminescent signatures could be ascribed to four sources: (1) Al-O* lattice defect peak centered
around 450 nm, (2) Si-O* lattice defect peak centered around 500 nm, (3) Mn?* ions for the peak
centered at 540-620 nm, and (4) Fe** ions for the peak centered at ~680-750 nm. Two additional
peaks were required to fit certain samples, including: (5) a peak around 410 nm most likely
attributable to Cu?* (Hofmeister and Rossman 1985; Johnston et al. 1992) and (6) atriplet peak
between 850-950 nm, possibly attributable to Pb* (Nagli and Dyachenko 1988; Fockele et al.
1989; Erfurt 2003; Erfurt and Krbetschek 2003). Si-O* and Al-O* defect peak centroids have
consistent wavelengths between samples, whereas peaks resulting from Fe** and Mn?* reflect the
minera’s structure; the positions of the peak centroids shift and is dependent on the surrounding

crystal lattice.

Reproducibility

For these feldspar samples, which are not heavily weathered and have no major impurities, CL
peak centroids were consistent within minerals of the same composition (Fig. 3). These results
illustrate the homogeneity of the samples and the reproducibility of the peak centroid positions
observed for any feldspar hand samples in this study. However, using cold-cathode CL., spectral
peak intensities varied greatly both within replicates of a single sample and between different
feldspar samples with similar mineral composition. External influences, sample orientation with
respect to the electron beam, electron beam intensity, or electron channeling, make reproducible
guantification of luminescence intensity of a peak in a sample impossible for this technique.

However, quantitative measurements can be made for each of the observed peak centroid values.
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308 These values may be associated with separate mineral crystal structures that vary by location
309 because they were formed under different conditions. The variety found in geological

310 formations, based on their geographical location, is reflected through the feldspar sample’ s CL
311  spectra, which are distinct from one another.

312

313  Provenancedistinction

314  When CL spectrafrom feldspars of ssimilar mineral composition from different geographical
315 locations were compared, there were notable variations resulting from the diversity of trace
316 elemental compositions, lattice sizes, and structures. Thisis shown for a subset of samplesin
317 Fig. 4. The peak centroids corresponding to the spectra shown in Fig. 4 arelisted in Table 1.
318  Although several of the primary spectral features are similar within feldspars of a certain

319 chemical composition, each of the samples measured in this study were distinguishable from all
320 of the others by the CL peak centroids when they originated from different geological

321 formations. This suggests that these spectral features could be used to suggest or constrain

322  provenance given asufficient library of known mineral luminescence spectra.

323

324  Whereas the luminescence peak intensity istoo variable to be used quantitatively, the

325 luminescence peak wavelength reflects the crystal field gradient that surrounds the d-orbitals of
326  theluminescent centers within the mineral. Asthe lattice size changes due to differencesin trace
327 element composition or lattice defects, the observed peak energies change as well, allowing
328  specific signatures for each mineral to be measured and compared (Mora and Ramseyer 1992).
329 Replicate measurements on the same sample show remarkable reproducibility for the

330 luminescence peak centroids, whereas measurements of samples from different geographic

14

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4661 9/3

locations show significant variability in the measured spectrum. This variability allowed for

complete discrimination of the samplesin this limited study.

Relation to crystal structure

The red and near-IR feldspar CL peaks are due to trace Fe** ions, known to substitute for the T1
and T2 AI*" tetrahedral coordination sites within the alkali feldspar structure (Deer et al. 1966;
Telfer and Walker 1978; Finch and Klein 1999). The centroid of this Fe** peak has been
previously observed to experience a hypsochromic shift in CL (Krbetschek et al. 2002) as a
function of chemical composition. Krbetschek et al. (2002) suggests the CL peak’s
hypsochromic shift is due to the substitution of the larger K™ ion for the smaller Na”" ion in the
minera asthe %Ab increases until %Ab reaches 50%, but Krbetschek et al. (2002) does not
confirm this conclusion with any XRD data. The crystal lattice changes dimension with
chemical composition changes (Ribbe 1975), presumably resulting in a change in the crystal
field experienced by the luminescent center. To test this hypothesis, our study measured the
lattice d-spacing values directly by XRD. The d-spacing values representing a given plane (002)
were compared to CL Fe* peak centroidsin Fig. 5. Asshown in this figure, both the alkali and
Ca-rich plagioclase feldspar peak centroids reflect the effect of elemental substitution on
structural parameters within the lattice. This feature, therefore, defines the Fe** CL signature.
There is also a strong correlation between the peak centroid position and Ca content in
plagioclase and Ca-rich plagioclases, and K content in potassium feldspars. The Fe** peak
intensity varied widely between samples and only those spectrawith a Fe** peak exceeding 10%
of the total spectral areawere included in this analysis. Peaks with smaller areas have greater

uncertainties in their centroid locations and were, therefore, omitted from this analysis.
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InFig. 5, Carich plagioclase was observed to exhibit atrend opposite of the alkali feldspar,
presumably because the complexity of the substitution within the plagioclase structure alters the
crystal field experienced by Fe** in a different manner. This could also be explained by the use
of the plane perpendicular to the c-axis of the crystal, known to exhibit a different length and
ordering in the plagioclase and alkali feldspar. However, when comparing the increasein
calcium with the peak position of Fe** in our data set (data not shown), we do observe the same
trend reported by Krbetschek et al. (2002). It isimportant to note that the Si-O* and Al-O*
|attice defect peaks, as well asthe Na-rich (greater than 50% Albite) feldspar samples, do not

exhibit any peak shift in CL with change in lattice dimension.

Variation with excitation sour ce and detection efficiency

It isinteresting to note that some peak centroid wavel engths do not reproduce reported peak
centroids from similar feldspars in hot-cathode CL studies or peak centroids observed in studies
that used different luminescent techniques (Rendell and Clark 1997; Correcher and Garcia-
Guinea 2001; Krbetschek et al. 2002). For example, the observed peak centroids for Fe** range
between 670 and 725 nm in this work, whereas another study has reported peak centroids for
Fe** that range between 700 and 740 nm (K rbetschek et al. 2002). This lack of reproducibility
could be due to the different feldspar samples studied, but our technique comparison (CL vs.
IBIL) aswell as our interlaboratory CL comparison suggests that this could also be due to the
differences in excitation source for the luminescence, as well as significant detection efficiency
effects for the spectrometersinvolved. The variability due to the source of sample excitation was
confirmed by measuring an individual feldspar grain sample with CL and then measuring the

same grain using IBIL spectroscopy, and as described in the methods section, both
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measurements were made with the same spectrometer. For some geologica samples, consistency
between CL and IBIL peak centroid wavelengths was demonstrated with replicate spectra of the
same mineral sample. For example, the peak centroid wavelengths of the CL and IBIL spectra
from zircon grains shown in Fig. 6 are indistinguishable. These zircon samples luminesce
following irradiation because of the rare earth element (REE) luminescent center (Dy**), which
produces narrow bands due to highly shielded electronic transitions resulting in limited ranges of
excitation (orbitals f-f and f-d) (Goétze 2000). Although considerably more light is produced with
IBIL than with cold-cathode CL, the peak positions of both the REEs and the silicate matrix are
indistinguishable between the two techniques (Fig. 6). However, in the feldspar samples
analyzed in this study, although the lattice defect peak positions were consistent for all feldspars,
there were observable bathochromic- and hypsochromic-shifts, primarily in the peaks

attributable to Fe** and the unattributed IR peak (Fig. 7), but also in the peaks ascribed to Cu*".

The peak at ~400 nm, which islikely aresult of Cu?* luminescent centers (based on PIXE
elemental analysis and literature analyses of feldspars from Oregon), also exhibited a peak shift
between IBIL and CL spectra. Comparing CL and IBIL spectra collected on the same sample,
there is no peak centroid shift observed for the Mn®* peak, the Fe** IBIL peak centroid shows a
bathochromic shift relative to its CL position, and the Cu?* IBIL peak centroid shows a

hypsochromic shift relative to its CL position.

A possible explanation for this shift in peak centroid wavelength could be in d-orbital changes
resulting from light-induced electron spin state trapping (LIESST) (Gutlich et a. 1994); LIESST

could be altering the d-orbital configuration of the luminescence centers within the minerals.
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Further study is needed to elucidate the mechanism for this shift as a function of luminescence
technique. However, in conducting an interlaboratory comparison of cold-cathode CL
instrumentation, a significant bathochromic shift was observed for broad CL peaksin the range
of 600-750 nm when identical samples were analyzed with the Horiba Jobin-Y von spectrometer
(which is more sensitive in this spectral region) compared to the Ocean Optics spectrometer. For
the narrow calibration wavelengths of REEs or fluorescent source standards, this shift was not
observed, but for the typical Fe** luminescence that spans over 100 nm in range, there was an
observed shift of ~20 nm. The significantly different detection efficiency of the respective
spectrometers (Palenik and Buscaglia 2007) in this wavelength range undoubtedly shift the
relative intensity detected within a Fe** luminescence peak, causing the Ocean Optics system to
report peak centroids ~20 nm lower than the Horiba Jobin-Y von spectrometer. Although the CL
results are encouraging for the practical application of feldspar identification and provenance
attribution, it isimportant to note that a single instrument should be used to compare samples
unless the detection efficiency iswell characterized and normalized. The IBIL results from the
same minera grainsindicate that some peak centroids that result from luminescent centers may
also be sensitive to the ionizing radiation used, again suggesting limits on comparisons made

between different excitation sources.

Unattributed IR peak

Many of the spectrainclude an unattributed IR peak (~840-950 nm). The IR peak was present in
agreater number of samples analyzed using the CL system with the Horiba Jobin-Y von
spectrometer, and many of these peaks were not detected using the CL system with the Ocean

Optics spectrometer, presumably due to the IR detection efficiency of the respective
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spectrometers. Preliminary trace elemental analysis using LA-ICP-M S was performed on many
of these feldspar samplesto determineif this IR peak could be attributed to the presence of a
trace element. For the six samples with an IR peak reported in Appendix 1 (F1, F5, F10, F11,
F17 and F18), the average Pb concentration was measured to be above 570 ppb. For al the rest
of the samples measured (N=26, except F13), the average Pb concentration was measured to be
below 30 ppb. The only notable anomaly is F13, which has a very high Pb content (~3700 ppb)
but no detectable IR peak in the CL spectrafrom any of its replicates. These data suggest the
presence of Pb in those samples with the largest IR peaks, whereas most of the samples with no
detectable IR peaks also had no detectable levels of Pb. Alkali feldspars are known to have high
trace Pb concentrations (Deer et a. 1966), and Pb emission lines have been reported in this

wavelength region (Reader et al. 1980; Ralchenko et al. 2011).

IMPLICATIONS
Thereis significant forensic potential for luminescence spectroscopy of common minerals such
as feldspars. Whereas the luminescence peak intensity istoo variable to be used quantitatively,
the luminescence peak position reflects the composition and size of the crystal field gradient that
surrounds the d-orbitals of the luminescent centers within the mineral. Asthe lattice size
changes, the observed peak energies change as well, which allows specific signatures for each
mineral to be measured and compared. The CL spectra change with different feldspar
chemistries, allowing most feldspars to be distinguished from other feldspars based on the CL
colorsthey emit. These CL spectral differences could facilitate rapid discrimination between
feldspars using arelatively nondestructive analytical technique: CL spectroscopy. Becauseit is

both rapid and nondestructive, CL spectroscopy can be easily incorporated into existing forensic
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analytical protocolsfor geologic materials, without additional risk of damage or loss of evidence,

which may occur with some traditional chemical methods.

The forensic examination of sediment can provide both investigative information to support an
ongoing criminal investigation and evidence for presentation in court. Casework typically
consists of the comparison of a sediment sample of unknown origin (e.g., a sediment sample
recovered from the tire or wheel well of a suspect’s vehicle) with one of known source (e.g.,
sediment from a specific crime scene location); evaluation of a sediment sample of unknown
source for provenance determination can also provide valuable support in investigations. The
interested reader isreferred to Pye and Croft (2004) and Morgan and Bull (2007) for agenerd
overview of forensic sediment analysis, and to Petraco, Kubic and Petraco (2008) and Bowen
and Caven (2013) for specific examples of forensic case studies and forensic provenance
investigations. The addition of CL spectroscopy of feldspars to these published methods has the
potential to provide support for casework, both to discriminate sources in a forensic comparison,

aswell asto constrain the provenance of an unknown sample.

This study analyzed museum-quality specimens; further work is needed on weathered and
recycled samples, which are commonly encountered in forensic evidence, to ensure they behave
similarly. Replicate measurements on the same sample have shown excellent reproducibility for
the luminescence peak centroids, whereas measurements of different samples from around the
U.S. showed significant variability in the measured spectra. The intra-source spectral
homogeneity combined with inter-source diversity allows for source attribution of the samplesin

this study. Of course, much larger libraries of spectra are necessary to use luminescence
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spectroscopy routinely as a guide for provenance. However, even without large spectral
libraries, luminescence spectroscopy may still be useful as an additional forensic tool for the

comparison of sediment samples.
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