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Abstract

Feldspars, the most abundant mineral group in the Earth’s crust, exhibit a striking chemical and structural variety resulting
from variations in their crystallisation environments and post-crystallisation processes. Since feldspars record both forma-
tion and alteration processes and conditions, they are key components in geological studies and valuable for developing
tools to reconstruct past environmental change. Thermally and optically stimulated luminescence, the ability of minerals,
such as feldspars, to emit light in different wavelengths upon excitation with light or heat, are sensitive to changes in the
crystal lattice and thus may have the potential to be used as a tool for identifying crystallisation and alteration processes
affecting feldspars. So far, the luminescence of feldspars has primarily been used as a numerical geochronological dat-
ing technique, constraining past geological and archaeological events and processes. However, the sensitivity of feld-
spar luminescence signals to changes in crystallisation and post-crystallisation processes allows for the development of
luminescence-based proxies beyond geochronological studies.

This study investigates the relationship between luminescence emission intensities in three emission bands and miner-
alogical features in 13 alkali feldspars and plagioclases using spatially resolved luminescence techniques, electron micro-
probe analysis, bulk geochemistry, and X-ray powder diffraction. The intensity of infrared photoluminescence (IRPL)
emission (~900 and ~950 nm) is particularly sensitive to chemical and structural heterogeneities within the feldspar
samples, such as the presence of K-rich phases, fractures, and alteration products. Blue (~400 nm) thermoluminescence
(TL) and infrared stimulated luminescence (IRSL) emission intensities vary with feldspar type and perthitic texture,
while yellow-green (~560 nm) TL and IRSL emissions are linked to fluid-induced alteration of the feldspar chemistry
and structure. These findings highlight the potential of spatially resolved luminescence measurements as a non-destructive
tool for identifying crystallisation and alteration processes in feldspars, as well as relationships between luminescence
signal intensity and mineralogical properties, advancing both geochronological techniques which use these emissions, and
mineralogical studies.

Keywords Feldspar - Luminescence - Electron microprobe - Geochemistry - Alteration

Introduction

Feldspars are the most abundant mineral group in the Earth’s
crust, and a major constituent of igneous, and metamorphic
rocks, and the sediments derived from these. Their ubiquity
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(e.g. Chardon et al. 2006; Hangx and Spier 2009; Yuan et al.
2019; Hellmann et al. 2021), makes these minerals the ideal
target to develop novel tools for quantifying past environ-
mental changes.

Feldspars have been used to constrain crystallisation and
cooling rates (e.g. Stormer 1975; Brown and Parsons 1981;
Kroll et al. 1993; Gorelova et al. 2023), and to trace ori-
gins and flow paths of hydrothermal fluids (e.g. Frank et
al. 2019; Duan et al. 2021). Weathering of silicates, such
as feldspars, is understood as one of the main processes
removing CO, from the atmosphere, controlling the Earth’s
atmospheric composition and temperature (e.g. Goudie and
Viles 2012; Brantley et al. 2023). Thus, developing tools
to gain insight into crystallisation and alteration processes
in feldspars is important for many geological, petrological,
and geographical areas of study.

Traditionally, feldspar formation and post-crystallisation
processes have been investigated using X-ray diffraction
(XRD), electron probe microanalysis (EPMA), electron
backscatter imagery (e.g. Harlov et al. 1998), scanning
electron microscopy (SEM, e.g. Berner and Holdren 1977),
transmission electron microscopy (TEM, e.g. Hellmann et
al, 2021), energy-filtered transmission electron microscopy
(e.g. Yuan et al. 2019), and cathodoluminescence (CL) (e.g.
Richter et al. 2003; Kayama et al. 2010). The last technique
(CL) utilises the ability of feldspars to store charge within
defects in their crystalline structure, and studies have dem-
onstrated that it can be used to investigate the presence of
defects and trace elements within feldspars (e.g. Finch and
Klein 1999). Related, but distinct types of luminescence
from CL are infrared stimulated luminescence (IRSL, Hiitt
et al. 1988; Godfrey-Smith et al. 1988; Thomsen et al.
2008), thermoluminescence (TL, Aitken 1985) and infra-
red photoluminescence (IRPL, Prasad et al. 2017). These
signals are stimulated either by heating (TL) or optically
by wavelengths between the UV and near-IR (optically
stimulated luminescence, OSL, and IRSL, as well as IRPL),
rather than through interaction with an electron beam, such
as in the case of CL, and have been widely studied because
of their use in the fields of luminescence dating and dosim-
etry (e.g. Aitken 1985; Huntley 1985; Hiitt et al. 1988; see
Duller 2004; and Rhodes 2011 for a review). Whereas IRPL
probes the excitation and subsequent retrapping of trapped
electrons in the feldspar lattice non-destructively (Prasad et
al. 2017), TL, OSL and IRSL are the result of electron-hole
recombination (e.g. Duller 1997 for a review; Poolton et al.
2009; Jain and Ankjeergaard 2011). Whilst these processes
are fairly well understood, the physical defects involved in
these signals, and how they are influenced by feldspar struc-
tural and chemical characteristics are still contested (see
e.g. Krbetschek et al. 1997; Riedesel et al. 2023; Williams
and Spooner 2025). Improving our understanding of how
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different emissions from feldspars are influenced by their
structural and chemical characteristics could make their
application to investigating crystallisation, alteration, and
weathering processes in feldspar possible.

Imaging detectors such as electron multiplying charge
coupled devices (EMCCD) have been used to show that
luminescence signals from individual grains of feldspar,
or even from parts of these grains, have spatially heteroge-
neous sensitivity to radiation dose (e.g. Duller et al. 1997;
Greilich et al. 2002; Baril 2004; Thomsen et al. 2018). Baril
(2004) found relationships between different feldspar emis-
sions and chemically different phases of a feldspar sample,
and that the luminescence intensity varies significantly
from sample to sample, based on their chemical composi-
tion. Thomsen et al. (2018) showed that the emission inten-
sity of differently stimulated feldspar luminescence signals
(TL, IRSL, post-IR IRSL, and IRPL) vary spatially across
the samples examined and seems to be related to chemical
variations within feldspar grains. Based on a limited number
of feldspar samples, these studies already indicate the spa-
tial heterogeneity of feldspar luminescence and thus imply
the potential utility of spatially resolved luminescence as
a tool to characterise chemically and structurally different
feldspars.

This study explores the relationships between blue
(~400 nm) and yellow-green (~560 nm) IRSL and TL sig-
nals, as well as IRPL signal (900 and 950 nm) and feldspar
chemistry and structure using spatially resolved measure-
ments of 13 feldspar samples with the aim of evaluating the
potential for such techniques to be used for identifying crys-
tallisation and alteration processes in feldspars.

Materials and methods

Sample information and bulk chemical and
structural analyses

To investigate the role of chemistry and structure on feldspar
IRSL, TL, and IRPL signals, 13 feldspar specimens that rep-
resent the wide range of feldspar minerals were used. The
samples were prepared by cutting~0.5 mm thin slices of
larger feldspar samples using a cooled Buehler Isomet 1000
precision saw. The slices were cleaned in acetone to remove
residues from the cutting process. Due to their irregular
form, individual sample slices have diameters ranging from
~2 mm to ~8 mm depending on the grain axis measured.
The bulk chemistry and mineral phases present within
the specimens were determined using X-ray fluorescence
(XRF) and XRD, respectively. The results are given in
Table 1; Fig. 1, and in more detail in Table S1 in the sup-
plementary material. For XRF measurements 100 mg of
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Table 1 Geochemical and mineralogical sample details

Sample ID  Origin End member composition Phases Further details
K-FS Na-FS  Ca-FS  Microcline Low High Albite  Anorthite Quartz
sanidine sanidine
FSM-3 Toe Head, 82.5 17.2 0.3 78.0 - - 22.0 - - microperthite,
South granite pegma-
Harris, Scot- tite source rock
land, UK
(Cunningham
1981)
FSM-5 Unknown 74.8 252 0.0 57.0 - - 43.0 - - macroperthite
FSM-6 Trezaise 74.4 253 0.3 - 38.0 - 62.0 - - microperthite,
Quarry, granite pegma-
Cornwall, UK tite source rock
(Ussher et al.
1909)
FSM-15 Buckingham, 80.4 19.6 0.0 82.0 - - 18.0 - - microperthite,
Quebec, metamorphi-
Canada cally altered (or
metasomatised)
CMFS-2 Volkes- 90.9 8.83 0.23 97.0 - - - - 3.0% single phase
feld, Eifel,
Germany
CMFS-5 Norway 76.9 22.4 0.67 70.0 30.0 - - - - microperthite
CMFS-6 Norway 79.3 19.9 0.77 59.0 41.0 - - - - microperthite
CMFS-8 unknown 88.6 11.2 0.15 - 76.0 - 24.0 - - macroperthite
CMFS-9 Landsverk, 62.3 37.5 0.16 35.0 - - 65.0 - - macroperthite
Norway
CMEFS-12  Theriso, Crete, 0.44 98.9 0.67 - - - 100.0 - - hydrothermally
Greece altered, single
phase
CMFS-15  Norway 6.72 72.7 20.5 - - 25.0 75.0 - - ternary FSP
with K-FS
patches
CMFS-16  Bjordammen,  6.48 59.1 345 - - - 100.0%* - - plagioclase
Norway
CMFS-17  unknown 3.95 36.1 59.9 - - - 100.0%* - - single phase

The chemical composition as % of the feldspar end members was calculated from stoichiometric conversion using the semi-quantitative bulk
XRF data. Mineral phases present in each sample were determined using semi-quantitative XRD-analyses. K-FS, Na-FS, and Ca-FS stand for
K-feldspar, Na-feldspar and Ca-feldspar, respectively. *Likely a mineral inclusion. **Ca-bearing albite

powdered sample material was mixed with 100 mg of cel-
lulose binder. This mixture was subsequently placed in Al
sample boats. Each sample-containing Al-boat was pressed
at 20 tons using a Retsch PP40 press to make pressed pellet
samples suitable for XRF measurements using a PANalytical
MagiX PRO XRF spectrometer equipped with a Rh anode
X-ray source for the FSM samples. The MagiX PRO spec-
tra were collected over ten different energy ranges and then
analysed to obtain semi-quantitative results. XRF spectra
for the CMFS samples were measured using a Rigaku Pri-
mus IV XRF spectrometer, also equipped with a Rh anode
X-ray source. The Primus IV spectra were collected over
twelve different energy ranges and then analysed to obtain
semi-quantitative results. For the analyses, it was assumed
that all elements, except for Cl, were present as oxides. The
XRF results were used to calculate the individual sample
compositions giving the molecular formula calculated based

on stoichiometry assuming eight oxygens. The results are
shown in Fig. 1a and given in Table 1.

For XRD measurements, 100 mg of powdered sample
material was mounted on a low-background silicon XRD
sample holder using acetone. The semi-quantitative XRD
measurements were carried out on a PANalytical X Pert
MPD powder diffractometer at Sheffield Hallam University
operating with Cu Ka X-rays and a PIXCEL-1D area detec-
tor. Data were collected over the range of 5-100° 20. The
XRD results were used to perform semi-quantitative phase
analyses by utilising the International Centre for Diffraction
Data PDF-5+database, and the thus determined mineral
phases are given in Table 1 and Table S2 in the supplemen-
tary material. Furthermore, the position and shape of the
(131), (131), (060) and (111) diffraction peaks were used to
determine the triclinicity and state of order of the alkali feld-
spars following Goldsmith and Laves (1954), Thompson
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Fig. 1 Bulk XRF-based chemical
composition of feldspar samples @ Single phase Anorthite Microperthite
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(1969, 1970), and Hovis (1989). Thompson (1969, 1970)
introduced the long-range ordering parameter Z, which was
used to determine the state of order of all alkali feldspars in
this study (see Table S2 for details). This characterisation
revealed that the feldspar suite consisted of three plagio-
clase feldspars, nine alkali feldspars and one single-phase
albite. The XRD results showed that the alkali feldspar
sample suite includes a disordered high sanidine (CMFS-
2), and a perthitic sample that contains an albite and a low

@ Springer

sanidine phase. The remaining alkali feldspars are perthites
with ordered microcline and albite phases.

Electron microprobe measurements

The chemistry of selected areas in each sample was deter-
mined using a JEOL JXA-8900RL Electron Microprobe
Analyser (EMPA) housed at the Institute of Geology and
Mineralogy (University of Cologne). Samples were embed-
ded in colourless two component epoxy resin (Araldit 2020,
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Huntsman) and sanded and polished using 1200 SiO, sand-
paper, and measurements were conducted with an acceler-
ating voltage of 15 kV, a beam current and diameter of 15
nA and 1 pm, respectively. Elements were calibrated with
mineral reference materials, and matrix-matched reference
materials were analysed for quality control. Counting times
on peak and on background were 20 s for Fe, Mn, and Ba,
and 10 s for Si, Al, Ca, K, and Na. The ZAF method was
applied for matrix correction, which includes the correction
for the atomic number effect (Z), the absorption effect (A),
and the fluorescence excitation effect (F) (e.g. Reed 2005).
All measurements were performed as line scans, with points
being measured every 5 um, 10-20 pm, dependening on the
sample and the feature of interest.

Electron backscatter images were taken of all samples to
document specific mineralogical features and to determine
where to start and end the line scans. Example electron
backscatter images of four samples are shown in Figs. 1b-e.
Electron backscatter images of all samples can be viewed in
Figs. S13-S25 in the supplementary material.

Luminescence measurements

Luminescence measurements of three emission bands,
infrared (IR, emissions at ~900 nm and ~950 nm), blue
(~400 nm), and yellow-green (~560 nm), were performed
using a modified Rise DA20 TL/OSL reader housed at the
Aberystwyth Luminescence Research Laboratory (ALRL).
The instrument is equipped with a *°Sr/*°Y beta source,
delivering ~0.1 Gy s ! at the sample position, a detection
and stimulation head (DASH, Lapp et al. 2015), and the sen-
sitive infrared instrument for photo luminescence (SIRIOL,
Gunn et al. 2022).

The DASH was used to perform TL and IRSL measure-
ments, with emission detection of the blue (~400 nm) and
yellow-green (~560 nm) emission bands. IRPL signals

were detected at room temperature using SIRIOL. IR LEDs
("850 nm, 175 mW cm™2) mounted within the DASH were
used for optical stimulation of IRSL, and an 830 nm laser
diode (equipped with an 830 nm filter with a 10 nm band-
width) housed within SIRIOL was used to stimulate IRPL
using continuous wave stimulation. IRSL and TL signals
were detected through either a combination of a 3 mm Schott
BG39 and a 2 mm Schott BG3 filters or a combination of
a 3 mm Schott BG39 and a 2 mm Schott OG550 filters,
to isolate the blue (~400 nm) and yellow-green emission
(~560 nm), respectively. Two IRPL emissions were isolated
using two different filter combinations: A 900 nm long pass
filter combined with a 900 nm band pass filter with a band-
width of 50 nm was used to isolate the IRPL,,, emission
and a 900 nm long pass filter combined with a 950 nm band
pass filter with a bandwidth of 50 nm was used to isolate the
IRPLys, emission. Further information of the transmission
of these filter combinations and the diode used for stimu-
lation can be found in Gunn et al. (2022; see their Fig. 2
especially). Luminescence was detected using two Photo-
metrics Evolve 512 EMCCDs (pixel size: 16 um x 16 pm),
with two different aperture sizes. Decreasing the size of the
aperture results in a decrease in measured luminescence
intensity, while creating a more focussed image (e.g. Kook
et al. 2015; Adamiec et al. 2025). TL, IRSL and IRPLy;,
signals were detected using an aperture of 21.9 mm. The
IRPL,, signal was measured using an aperture of 21.9 mm
(IRPLgy) and an aperture of 5 mm IRPLgygpighres)- This
additional measurement of the IRPLy, signal enables the
effect of aperture size on the image quality to be assessed.
A comparison of IRPLgy,, measured with a 21.9 mm and a
5 mm aperture is presented in Fig. S1 in the supplemen-
tary material. Luminescence signals were measured using
the measurement sequence outlined in Table 2. The samples
were irradiated with a 100 Gy beta dose, prior to measuring
IRPLy, and IRLys, using a wide 21.9 mm aperture. These

Fig.2 Correlation matrix of
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Table 2 Measurement protocol used to obtain IRPL, TL and IRSL

imaging results

Step Detec-  Treatment/settings Obtained

tion unit

1 - Beta dose, ~100 Gy

2 SIRIOL 830 nm laser stimulation (10 s) IRPLg,
at room temperature, 21.9 mm
aperture

3 SIRIOL 830 nm laser stimulation (10 s) IRPLys,
at room temperature, 21.9 mm
aperture

4 SIRIOL 830 nm laser stimulation (10 s) at  IRPLggopignres)
room temperature, 5 mm aperture

5 DASH  Blue TL measurement to 250 °C ~ Blue
for 60 s, heating rate of 5°Cs™!  (~400 nm)

TL

6 DASH  Blue IRSL measurement at 50 °C  Blue

for 100 s, heating rate of 2°C s™!  (~400 nm)
IRSL;,

7 DASH  Blue IRSL measurement at Blue
225 °C for 100 s, heating rate of ~ (~400 nm)
2°Cs™! IRSL,5s

8 DASH  Blue IRSL measurement at Background
290 °C for 100 s, heating rate of ~ measurement
2°Cs™!

9 - Beta dose, ~200 Gy

10 SIRIOL  Steps 1-3 IRPLg,

IRPL s,
IRpL90()(highrcs)

11 DASH  Yellow-green TL measurement to  Yellow-green
250 °C for 60 s, heating rate of (~560 nm)
5°Cs! TL

12 DASH  Yellow-green IRSL measurement Yellow-green
at 50 °C for 100 s, heating rate of (~560 nm)
2°Cs! IRSLs,

13 DASH  Yellow-green IRSL measurement  Yellow-green
at 225 °C for 100 s, heating rate ~ (~560 nm)
of2°Cs! IRSL,,s

14 DASH  Yellow-green IRSL measurement Background
at 290 °C for 100 s, heating rate  measurement
of 2°Cs™!

15 - Repeat steps 4-14

measurements were followed by an IRPLggghighres) Mmeasure-
ment using a 5 mm aperture. The protocol (Table 2) also
contains measurements of TL to 250 °C (step 5 for blue TL
and step 11 for yellow-green TL) and IRSL measurements
at 50 °C and 225 °C (steps 6 and 7 for blue IRSL, and steps
12 and 13 for yellow-green IRSL). Since IRPL signals are
difficult to optically reset (Winzar et al. 2025), samples were
bleached twice in the protocol with IR light (steps 8 and
14) while being held at an elevated temperature (290 °C)
(Kumar et al. 2021) in order to reset the IRPL signals.

Linking EMPA and luminescence data

The open-source image processing package Fiji (Schindelin
et al. 2012) was used to integrate the luminescence signals
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from the EMCCD data after aligning different luminescence
images. For further analysis, all frames acquired during the
TL ramp and hold and during the 10 s IRPL measurement
were summed, whilst for IRSL only the two frames that rep-
resent the initial 2 s of the decay curve were summed. Bright
outliers were removed in Fiji using a median filter with a
radius of 2 pixels and minimum threshold of 50 counts.

To be able to link the geochemistry and luminescence
results, the visible images obtained after each luminescence
measurement were used in combination with the electron
backscatter images. Prominent features of the crystals, such
as edges, corners or cracks were used to manually align the
electron backscatter and visible images. From this align-
ment, transects of the luminescence data over the same
distance as the EMPA line scans were selected in Fiji and
exported for further processing. Since this was done manu-
ally, there will be some error in the registration. For this
reason, only sufficiently large features were selected for
luminescence and geochemical analysis. Fig. S2 presents
a visualisation of this alignment process. Geochemical
and luminescence transects were processed in R (R Core
Team 2023), where the different resolution of luminescence
(~20 pm) and EMPA data (5 pm, 10-20 pm) was overcome
using a spline interpolation (spline(), R Core Team, 2023) to
generate luminescence data at a spacing to match the resolu-
tion of the EPMA data.

Results

Correlations between geochemistry and
luminescence

The major element chemistry results obtained using the
EMPA and the spatially resolved luminescence measure-
ments enable us to compare nine different luminescence emis-
sions (IRPLggg, IRPLgsy, IRPLggoighres)s blue (~400 nm)
TL, blue (~400 nm) IRSL,, blue (~400 nm) IRSL,,s, yel-
low-green (~560 nm) TL, yellow-green(~560 nm) IRSLy,
and yellow-green (~560 nm) IRSL,,s) with oxide concen-
trations of eight major elements (Si, Al, Mn, Na, Ca, K, Fe
and Ba). In total we gathered 5350 interpolated data points
for each parameter across 30 line scans over 13 samples. To
get a better overview of this large dataset, we created a cor-
relation matrix (Fig. 2). The matrix enables us to immedi-
ately spot correlations between two different variables, with
negative correlations (one variable increases as the other
variable decreases, represented by values from 0 to -1) dis-
played in red, and positive correlations (both variables show
the same trend, both either increasing or decreasing, values
range from 0O to 1) shown in blue (Fig. 2). The data was
standardised prior to creating the correlation matrix using
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Z scoring. Z scoring scales data by subtracting the aver-
age (1) from each value (x) and dividing the result by the
standard deviation (o ) : (equation: Zpey = (x —p)/0)
to make them comparable regardless of their original unit.
This standardisation transforms each data set in a way that
it has an arithmetic mean of 0 and a standard deviation of
1. The correlation matrix was generated using the Pearson’s
product moment correlation coefficient. Only correlations
with p-values<0.01 were accepted and insignificant corre-
lations are indicated by an X in the correlation matrix. The
diagonal on the left side of Fig. 2 shows positive self-corre-
lation between equivalent variables and are thus not consid-
ered further. Since the nine different luminescence signals
investigated were stimulated and recorded using different
light sources with different wavelengths and power densi-
ties, as well as with different detection setups, we refrain
from directly comparing the intensities of these different
emissions and have thus not included this comparison in the
correlation matrix.

Geochemistry

There are positive and negative correlations between differ-
ent oxides in the feldspar samples, representing well-known
substitutions in the general feldspar chemistry. The negative
correlations of Na,O and K,O (-0.90, Fig. 2) are due to the
exchange of Na* and K", two cations with different ionic
radii (e.g. Henderson 1986), resulting in the formation of
perthitic lamellae during cooling of the feldspars (e.g. Par-
sons 1978; Deer et al. 2013; Parsons et al. 2015). The nega-
tive correlation between CaO and SiO, (-0.71) and between
Al,0O5 and Si0O, (-0.14, see Fig. 2), results from the coupled
substitution of.

Ca*t + APY = Nat 4+ Sitt, (1)

which is necessary to maintain charge balance in the plagio-
clase solid solution. These ionic substitutions also explain
the negative correlations between K,O and CaO, and SiO,
and Al,O;.

Furthermore, there exists a positive correlation between
K,0 and BaO concentrations (0.29, see Fig. 2). In most feld-
spars, BaO is only present in sub percent quantities. Diva-
lent Ba substitutes for K*, and more rarely for Na" and Ca**
(Deer et al. 2013). The substitution of K™ by Ba®" is pos-
sible due to their similar ionic radii (1.42 nm for Ba>" and
1.51 nm for K*, Henderson 1986), despite the difference in
charge of these two cations, which is accommodated either
by the following substitution (e.g. Gay and Roy 1968):

Kt + Si*t = Ba?*t + AP, )

Alternatively, the inclusion of Ba®* for K™ could result
in vacancies on the alkali cation sites (e.g. Tas et al. 2025).

Geochemistry and luminescence

In terms of the relationships between measured oxide con-
centrations and IRPL signal intensity, IRPL emissions are
positively correlated with K,0 (0.25 for IRPL,,, and 0.26
for IRPLys,) and SiO, concentrations (0.17 for IRPL,,, and
0.18 for IRPLys,), but negatively correlated with CaO (-0.27
for IRPLy,, and —0.28 for IRPLys,) and Al,O5 (-0.24 for
IRPLyy, and —0.25 for IRPLys,), indicating higher IRPL
intensities in alkali feldspars than plagioclase feldspars.
IRPL emissions have no significant correlation with MnO
and Fe,0;, and only a weak negative correlation exists
between IRPL intensities and Na,O concentrations (-0.17,
Fig. 2). Blue TL, IRSLs,, and IRSL,,5 emissions are weakly
positively correlated with K,O, and blue TL and IRSLj,
emissions are also weakly positively correlated with SiO,
(0.09 and 0.04, respectively). All other oxides measured
show weakly negative correlations with blue luminescence
intensities and insignificant correlations with MnO and
BaO (cf. Figure 2). For the yellow-green emissions, both
IRSL signals are positively correlated with Na,O (0.30 for
IRSLs, and 0.17 for IRSL,,5) and negatively correlated with
K,0 (-0.31 for IRSLs, and —0.17 for IRSL,,;). However,
the yellow-green IRSLs, signal is positively correlated to
the CaO (0.10) and Al,0; (0.12) concentrations, while the
yellow-green TL signals are negatively correlated to these
oxide concentrations (-0.15 and —0.05 for CaO and Al,O;,
respectively, Fig. 2).

The correlation matrix shows that the oxide concentra-
tions that appear to influence luminescence signal intensities
are Si0O, and Al,O;, which are both related to the structural
framework of feldspar, and the cations K, Na*, Ca?" and
Ba®", which are located at interstices in the structure. Stron-
gest correlations occur with IRPL signals, and these rela-
tionships are explored further by dividing the dataset into
alkali feldspars, macroperthites, and plagioclase feldspars,
and plotting the intensity of IRPL against the oxide concen-
trations for these three data sets, with examples for K,O and
Na,O shown in Fig. 3. Similar plots for the other feldspars
and IRSL/TL signals are shown in Figures S2 to S12 in the
supplementary material. There are no clear relationships
between luminescence signal intensity and oxide concen-
tration (e.g. Figure 3). Although Fig. 3a and ¢ show that in
alkali feldspars and macroperthites, respectively, areas with
K,O concentrations>10 wt% contain three (or two) times
as many IRPLy,, datapoints than areas with K,O concen-
trations<5 wt%, when looking at the measured IRPLy,
intensities, no clear trend can be seen with increasing K,O
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Fig. 3 Scatter plots of K,O and Na,O concentrations (wt%) compared
to the IRPLy, intensity. The dataset was divided into alkali feldspars
only (a and b), macroperthites only (c and d) and plagioclase feldspars
only (e and f). The shaded areas show measurement points with K,O

concentration. Since K,O and Na,O are strongly negatively
correlated (Fig. 2) the opposite picture emerges for Na,O
compared to IRPL. This indicates that the larger number of
IRPL,,, emitting data points is only due to the subjective
selection of measurement transects rather than actual trends
of luminescence intensity and oxide concentration. This
is due to the nature of feldspar exsolution, leading to the
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formation of two feldspars at subsolvus temperatures during
crystallisation.

However, some scatter plots reveal interesting clusters
of luminescence emissions at certain oxide concentrations:
Fig. 3e for example, shows a cluster of IRPL,,, emitting
data points at K,O concentrations>15 wt%. Figure S8e
shows a concentration of IRPLy, emitting data points at
CaO concentrations of ~50 wt%, a chemical composition
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that indicates alteration of the feldspar sample. Similar clus-
ters can be found in Fig. S10e and Fig. S11e for the blue and
yellow-green TL signals, respectively. These clusters indi-
cate that potentially interesting features could be observed
on the individual transect or sample-level. The following
sections will explore the spatially resolved luminescence
signals with the EMPA transects in selected samples.

Spatially resolved luminescence

While the correlation matrix gives an overview of general
trends, it cannot highlight specific features. Furthermore,
principles of alkali feldspar exsolution limit the variety of
chemical compositions and may thus mask effects of feld-
spar chemistry or structure on the luminescence intensities.
To gain insights into smaller-scale chemical and lumi-
nescence features in feldspars, we will now explore the
luminescence and geochemistry of alkali feldspars and pla-
gioclases specifically selected as they either showcase com-
mon characteristics, such as perthite lamellae, or because
they exhibit features, such as cracks or secondary mineral
inclusions.

Alkali feldspars

From the correlation matrix it becomes evident that lumines-
cence emissions in the IR, blue and yellow-green bands are
related to the K-rich phases in the samples. These phases can
be identified in the electron backscatter images of feldspars
exhibiting macroperthitic lamellae (Fig. 4b and e). Directly
comparing geochemical data and normalised IRPL,,, and
IRPLys, intensities (Fig. 4a and d) from line scans across
the same areas of FSM-5 and CMFS-9 (Figs. 4c, f) reveals
higher IRPL,,, and IRPLsintensities with increasing K,O
concentrations (see grey shaded areas in Fig. 4c, f). Simi-
larly to IRPLg,, and IRPLys,, but less pronounced, is the
increase in normalised blue TL and yellow-green TL. Blue
and yellow-green IRSLs, and IRSL,,s emissions are more
scattered, but follow the same trend as the TL emissions, at
least for macroperthite CMFS-9 (Fig. 4f).

Clear trends as observed for macroperthites cannot
be seen for all alkali feldspars. Depending on the type of
alkali feldspar a different picture emerges. Sanidine sample
CMFS-2, despite containing>14 wt% of K,O throughout
the entire crystal, emits very low luminescence for all sig-
nals studied. Figure 5a shows the spatially resolved IRPLg,
signal for this most disordered sample (cf. Table S2). Con-
trary to what would be expected from the results of K-rich
phases in macroperthites in Fig. 4, not the entire crystal
emits luminescence. The luminescence (here: IRPLy,
Fig. 5a) is only concentrated around specific areas of the
crystal. Whilst these areas do not show variations in major

element chemistry (Figs. 5b, c), the electron backscatter
image reveals the presence of multiple fractures through-
out the sample (Fig. 5b, arrows indicate the location of the
fractures), which in turn are defined by higher IRPL,,, and
IRPLys, emissions in those regions. Whilst IRPL,,, and
IRPLys, intensities seem to be strongly dependent on the
presence of fractures, no such trend can be seen for the blue
and yellow-green emissions (Fig. 5c¢).

Microperthite FSM-3 contains both, perthitic lamellae
(on the pm-scale) and cracks. The dominant mineral phase
of FSM-3 is microcline (78%), with albite only playing a
minor role (22%) (Table 1). Overall, FSM-3 shows lumi-
nescence emissions in all three emission bands (IR, blue and
yellow-green), with the edge of the crystal clearly visible
in IRPLg,, and IRPLgs, profiles in Fig. 5f. Whilst lumines-
cence emissions are present across the entire crystal, a linear
feature, captured in the spatially resolved IRPLg, (Fig. 5d)
and the electron backscatter image (Fig. S¢), show the pres-
ence of a fracture. Similarly to CMFS-2, the IRPLy,, and
IRPLys, emission intensities increase across the fracture,
whilst blue and yellow-green emissions do not seem to be
affected by the presence of the fracture (Fig. 51).

Thus, for alkali feldspars, luminescence emissions in the
IR, blue and yellow-green emission bands are related to
K-rich phases in macroperthites but not generally related to
the presence of K,O within a crystal (see CMFS-2, Fig. 5a).
Furthermore, the presence of fractures influences the inten-
sity of IRPL emissions in alkali feldspars (Fig. 5).

Plagioclase feldspars

A closer look at plagioclase feldspars indicates that in these
minerals, other chemical and structural processes influ-
ence luminescence signal intensity (Figs. 6 and 7). Sam-
ple CMFS-16 (34.5% Ca-feldspar, Table 1) shows intense
IRPL, emissions in one part of the crystal (cf. Figure 6a).
The electron backscatter image, as well as SiO, and Al,O,
concentrations along a transect indicate that changes to the
(Si, Al)-framework may be related to intense IRPL intensi-
ties. In contrast to the IRPL emissions, which seem to be
enhanced by these changes to the framework, blue and yel-
low-green TL emission show a contrary effect, where inten-
sity decreases in the affected regions (Fig. 6¢).

Another part of the crystal shows both intense IRPL and
intense yellow-green TL emissions (Fig. 6f). Here, the geo-
chemical measurements reveal that this part of the crystal is
dominated by high CaO contents (50 wt%). The remaining
50 wt% of the crystal’s chemistry (H, C, O) in this area were
not identifiable by the microprobe measurements, meaning
that the other half of the crystal’s composition is made up of
elements other than those measured.
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Fig.4 Selected transects across
macroperthites FSM-5 and
CMEFS-9. The IRPL,,, images
(a, d) illustrate the change in
IRPL,, signal intensity with
changes in feldspar chemistry
due to perthite lamellae. The
perthitic structure is especially
visible in the electron backscat-
ter images of FSM-5 (b) and
CMFS-9 (e). The geochemical
and luminescence data extracted
from the measured and selected
transects is shown in (c) and (f).
The grey bars in (c) and (f) are
aligned with high K,O concen-
trations in the top graphs
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Plagioclase feldspars are more susceptible to weather-
ing than alkali feldspars (e.g. Banfield and Eggleton 1990;
White et al. 2001). The alteration features observed in
CMFS-16 that suggest structural changes to the (Si, Al)-
framework, are a typical pattern of silicate weathering with
the transformation of albite to clay minerals, such as kaolin-
ite or micas (e.g. White et al. 2001), with the weathering
transformation from albite to kaolinite being described by:

9
NaAlSisOg + H + 5HQO — Na™ +2H,Si0O4

) 3)
+5A125i205 (OH),

Furthermore, the CaO-rich area of CMFS-16 is likely
defined by the re-precipitation of CaO in the crystal after
fluid interactions, forming CaCO; phases through carbon-
ation (e.g. Wawersik et al. 2001; Hangx and Spiers 2009;
Munz et al. 2012):

CaAlySi,08 + COq + 2H50 = CaCOs5 4
+ Al5Si505 (OH)4 )

Other plagioclases and their luminescence features con-
tribute to this complex picture. Albite CMFS-12 (0.67% Ca-
feldspar), oligoclase CMFS-15 (20.5% Ca-feldspar), and
labradorite CMFS-17 (59.9% Ca-feldspar) show different
luminescence behaviour, despite all being part of the plagio-
clase solid solution. Whilst CMFS-12 (albite) shows very
little luminescence at all (Fig. S23), CMFS-15 (oligoclase)
shows intense luminescence emissions in all three emission
bands (cf. Figures 7a, ¢). The areas of the sample, which
emit the strongest luminescence in this oligoclase are areas
with K-rich feldspar phases within the plagioclase matrix.
The effect of this K-rich phase is most apparent in the IRPL
emissions, but both blue and yellow-green TL emissions
show an increase in luminescence intensity around these
areas (cf. Figures 7a, ¢). CMFS-17 (labradorite) shows an
interesting luminescence pattern: Whilst the sample shows
no blue or yellow-green IRSLs, and IRSL,,5; emissions, it
shows TL in both these emission windows across the entire
crystal (cf. Figure 7f). IRPLy,, and IRPLys, emissions are
concentrated around fractures in the crystal (Fig. 7d, f), as
seen for single phase sanidine CMFS-2 (cf. Figure 5a).

Altogether, plagioclase feldspars show a diverse picture
of luminescence emissions: luminescence emissions are
generally weaker in plagioclase feldspars compared to per-
thitic alkali feldspars, with very weak to no blue and yel-
low-green IRSLs, and IRSL,,s emissions. IRPL emissions
in plagioclases are either concentrated around fractures,
K-rich inclusions, or around chemically weathered areas.

Discussion
IR emission (900 and 950 nm)

Spatially resolved IRPL measurements of 13 feldspars have
shown that the luminescence emission in the IR region of
the spectrum is most sensitive to structural as well as chemi-
cal changes to the crystal lattice compared to the two other
emissions studied. Our results show that the presence of
K-rich phases in both alkali feldspars (see macroperthites
FSM-5 and CMFS-9 in Fig. 4) and plagioclases (see CMFS-
15 in Fig. 7) results in more intense infrared emissions (900
and 950 nm), compared to Na,O- or CaO-dominated areas of
the crystal. The infrared emission is further enhanced by the
presence of fractures in the crystal (see sanidine CMFS-2 in
Fig. 5, or plagioclase CMFS-17 in Fig. 7). Alteration prod-
ucts, particularly visible in plagioclase feldspars (cf. CMFS-
16, Fig. 6), also cause an increase in IR emissions.

Kumar et al. (2020) mapped CL emissions in the infrared
and observed spatially variable emissions within a sediment
sample and within individual grains of a single sample.
While the emission at 955 nm is preferentially emitted
from K-rich feldspars, moderately K- and Na-rich samples
emit at 880 nm (Kumar et al. 2020). The instrumental setup
used in the present study prevented us from measuring the
880 nm emission exactly, with the emission~900 nm being
recorded instead. This might hinder a direct comparison
between the findings of Kumar et al. (2020) and the results
in the present study. However, we also observe IR emissions
recorded at 900 and 950 nm to be emitted by K-rich, as well
as K-poorer alkali feldspars. The ubiquitous nature of IRPL
in perthitic alkali feldspars contrasts with the more feature-
oriented IRPL emission in the sanidine sample CMFS-2, as
well as in plagioclase feldspars (cf. CMFS-12, CMFS-15,
CMFS-16, and CMFS-17, cf. Figs. S20-S23).

It has been suggested that a defect located on the (Si, Al)-
framework enables electron trapping (cf. Short 2004; Riede-
sel et al. 2019). A potential cause of the observed variability
in IRPL intensity could be the different Si: Al ratio between
alkali feldspars and plagioclases and the difference in Si**
and AI** ordering on the framework between slowly-cooled
microcline or orthoclase and rapidly-cooled sanidine. How-
ever, excitation-energy-dependent emission spectroscopy of
a range of structurally different feldspars by Riedesel et al.
(2021b) did not reveal any effects of framework disorder on
the IRPL-emitting electron trapping centre characteristics,
such as electron trap depth or IRPL emission wavelength.
Another supporting argument for a framework position of
the IRPL-emitting defect is the observation of intense IRPL
emissions in altered regions of plagioclase feldspar CMFS-
16 (cf. Figure 6a, Fig. S25). Here, the change of feldspar
crystal to clay minerals and micas enhances the IRPL
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{ Fig. 5 Selected transects across alkali feldspars CMFS-2 (a-c) and
FSM-3 (d-f). The spatially-resolved IRPL,, image is shown for both
samples (a, d), as well as the electron backscatter image (b, e). Selected
geochemical and luminescence results are plotted along the transect
(c, f). The small arrows indicate the location of fractures in the crystal

emission, compared to the non-altered part of the crystal.
Interestingly, in this case the IRPL and blue emission inten-
sities are anti-correlated.

We observed that IRPLy,, and IRPLys, emissions
increase around fractures within the crystal, supporting
previous observations by Gunn et al. (2022). Fracturing
of feldspars has been studied previously (e.g. Barnett and
Kerrich 1980; Scheidl et al. 2014; Petrishcheva et al. 2019;
Abart et al. 2022), and it has been shown that fracturing
occurs due to stress (e.g. Rybacki et al. 2010), and that it
can be chemically enhanced, leading to diffusion-induced
crack propagation (e.g. Scheidl et al. 2014; Petrishcheva et
al. 2019). Fractures in feldspars are susceptible to cation
exchange and the diffusion of Na* and K" ions at the surface
of the grain, when in contact with fluids (Scheidl et al. 2014;
Petrishcheva et al. 2019). Electron backscatter images of
fractures in plagioclase CMFS-17 (Fig. 7e) show variations
in greyscale along the fractures, suggesting formation of
secondary mineral phases along the crack walls. However,
the analytical resolution chosen for the line scan across this
area of CMFS-17 was too coarse to determine the chemi-
cal composition of the area around the fracture. This is also
visible in the chemistry shown in Fig. 7f, where no changes
to the oxide concentrations can be seen along the transect.
Fractures in sanidine CMFS-2 (Fig. 5b) and perthite FSM-3
(Fig. Se) do not show these changes to the brightness in the
electron backscatter images. However, plagioclase CMFS-
16 exemplifies how secondary mineral formation can occur
along fractures, even leading to features of tens of microme-
tres in scale, and thus leading to intense emissions in the IR,
as seen in Fig. 6d where CaCO; precipitation occurred in a
plagioclase sample.

Blue luminescence (~400 nm)

It has often been suggested that the intensity of the blue
(~400 nm) luminescence emission of feldspars is influenced
by the K concentration of the samples (e.g. Spooner 1992;
Prescott and Fox 1993; Huntley and Baril 1997). How-
ever, other studies have found no clear trend between the K
concentration and the blue (~400 nm) IRSL intensity (e.g.
Smedley et al. 2012; Maflon et al. 2024; Winzar et al. 2025).
The spatially resolved luminescence results of alkali feld-
spars and plagioclase presented here also give an unclear
picture of the relationship between K-concentration and
blue luminescence intensity. Most alkali feldspars investi-
gated show stronger blue luminescence than the plagioclase

feldspars, but some very K-rich alkali feldspars emit only
little luminescence at all (see CMFS-2). Weaker blue lumi-
nescence emissions in plagioclase feldspars, compared to
alkali feldspars have been observed previously (e.g. Prescott
and Fox 1993; Krbetschek and Rieser 1995; Riedesel et al.
2021a).

Less intense blue luminescence in plagioclase, with even
weaker blue emissions in regions which are already trans-
formed from feldspar to clay minerals, could be associated
with a change to the crystal lattice: Whilst feldspars have a
(Si, Al)-framework, the framework does not exist anymore
in clay minerals, which are sheet silicates. Equation 1 shows
the coupled substitution of Si*" and Na* with AI** and Ca*",
resulting in a Si: Al ratio of 2:2 in pure anorthite. Similarly,
the transformation of albite to clay minerals, such as kaolin-
ite (e.g. White et al. 2001; Eq. 3), affects the Si: Al ratio,
changing it from 3:1 to 2:2. In the case of a Si: Al ratio
of 2:2, the Al-Al avoidance rule governs the distribution of
A" ions on the framework, forbidding the presence of two
neighbouring AI** ions (Lowenstein 1954; Finch and Klein
1999). The association of the blue luminescence emission
with a hole centre on Al-bridging O ions (e.g. Speit and
Lehmann 1982; Finch and Klein 1999; Riedesel et al. 2021a;
Williams and Spooner 2025) could thus explain this data. In
alkali feldspars, disorder of the framework can cause the
presence of two neighbouring AI** ions, creating Al-O-Al
bridges, with charges of AI**-O7-AI**, and thus a hole cen-
tre on the O ion. It is thus surprising that sanidine sample
CMFS-2 is only weakly luminescent in the blue (Fig. 5a-c).
Sanidine sample CMFS-2 does not show any blue IRSL5,
and only very weak IRSL,,s but shows TL emissions in
the blue. Since this sample is a high temperature K-feld-
spar derivative with a disordered (Si, Al)-framework (see
Table S2), intense blue luminescence would be expected (cf.
Garcia-Guinea et al. 1999; Correcher et al. 2000; Riedesel
et al. 2021a). Interestingly, Krbetschek and Rieser (1995),
as well as Spooner et al. (2024), also found that their sani-
dine samples only emitted weak blue luminescence, similar
to what is seen for CMFS-2 in the present study. A pos-
sible explanation for these contrasting observations is that
CMFS-2 only shows weak luminescence emitted from elec-
tron retrapping (IRPLgy,, and IRPLys,, Figs. 5, S11). This
could potentially indicate a low density of defects acting as
electron trapping centres. A low electron trap density would
also hinder recombination-based luminescence processes
such as IRSLs, and IRSL,,5. Winzar et al. (2025) similarly
observed less intense blue IRSL emissions in disordered
K-rich feldspars and attributed this to the influence of Al, Si
ordering on lattice distortion. Increased ordering in triclinic
feldspars enhances lattice strain, which may stabilise O~
centres on Al-O-Al bridges, enhance sub-conduction band
transport through denser band-tail states, and/or broaden
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the distribution of trap-recombination centre distances rela-
tive to monoclinic feldspars. These effects may increase
the accessibility of recombination centres during the IRSL
process, and therefore the more intense blue luminescence
observed in triclinic feldspars (e.g. microcline) compared
to disordered monoclinic feldspars (e.g. sanidine) (Winzar
et al. 2025).

Yellow-green emission (~ 560 nm)

The yellow-green emission (~560 nm) shows variable
behaviour between the investigated samples. It is spatially
heterogeneous in macroperthites (cf. Figure 4), as seen for
IRPL, but it shows little spatial variability in microperthitic
feldspars, such as FSM-3 (Fig. Se) or CMFS-6 (Fig. S22).
Contrasting to Baril (2004) who observed yellow-green
IRSL primarily associated with Na-rich areas of feldspars,
we recorded this emission in K-rich phases in alkali feld-
spars (e.g. CMFS-8 in Fig. S16), but also across the entire
sample in plagioclase samples (e.g. plagioclase CMFS-
15 in Fig. S24). The most interesting observation for the
yellow-green emission is the localised emission in altered
plagioclase CMFS-16 (Fig. 6d). Here, the secondary CaCO,
mineral phase within the plagioclase sample emits intense
yellow-green TL. This is not surprising, as bright yellow-
green TL of (biogenic) calcite has been reported previously
(Krbetschek et al. 1997; see their Table 7; Duller et al. 2009).
As described for IRPLg, and IRPL, in Sect. "IR emission
(900 and 950 nm)", this CaCO; formation within the sample
occurs within a fractured zone of the crystal. Leichmann
et al. (2003) applied CL to study carbonatisation processes
in plagioclase feldspars. Calcite phases emit orange CL
(Leichmann et al. 2003), while we identify CaCO; lumines-
cence signals in the infrared and yellow-green parts of the
spectrum (cf. Figure 6), however, Leichmann et al. (2003)
do not report any emission wavelength, thus it is unclear
how different their CL emission is from the here reported
TL and IRSL emissions. Carbonatisation of plagioclases
(but also other feldspars) is a common occurrence when
the fluids which cause the alteration of the feldspar contain
high CO, partial pressure. Fluids rich in CO, react with the
Ca from the plagioclase to form CaCO; (Leichmann et al.
2003; Munz et al. 2012).

With its weak IRSLy, and IRSL,,s signal intensities, and
spatially broad and featureless emission, the yellow-green
emission is the least informative proxy.

@ Springer

Conclusion

In this study, we explored potential effects of a variety of
chemical and structural features in alkali and plagioclase
feldspars on the luminescence emissions recorded in the
infrared (900 and 950 nm), blue (~400 nm), and yellow-
green (~560 nm) regions of the spectrum to assess whether
these signals could provide information on crystallisation or
alteration products in feldspars. For our investigation, we
used spatially resolved measurements of thermolumines-
cence, infrared stimulated luminescence, as well as infra-
red photoluminescence emissions, in combination with
electron microprobe-based geochemical analyses of oxide
concentrations and electron backscatter images. In total, we
investigated the luminescence, geochemistry, and structural
variety of 13 alkali feldspars and plagioclases.

We show that spatially resolved luminescence (IRPL,
TL, IRSLs, and IRSL,,5) offers the potential to be used as a
non-destructive, sensitive, and applicable tool for identify-
ing spatially variable mineralogical and chemical features in
feldspars. We observe that the infrared photoluminescence
(IRPL) emission is the most sensitive to both chemical and
structural variations in alkali feldspars and plagioclases.
We found IRPL to be spatially related (i) to the presence of
K-rich phases in macroperthitic alkali feldspars, but also to
K-rich feldspar inclusions in plagioclases, (ii) to fractures
within the crystal, and (iii) to alteration products such as
clay minerals or CaCO; phases caused by fluid-interactions
with the crystal.

The blue (~400 nm) luminescence signals, which are
those most commonly used in luminescence dating studies
and associated with a hole centre on Al-bridging O ions,
is ubiquitous in perthitic alkali feldspars, but weak in sani-
dine and plagioclase samples. While in macroperthitic alkali
feldspars, blue TL increases with the presence of K-rich
perthite lamellae, in microperthitic alkali feldspars, the blue
TL and IRSL emissions occur throughout the entire sample,
indicating little spatial variability. In plagioclase feldspars,
the blue emission is generally weak, with the TL signal
being more prominent than the IRSL signals. In plagioclase
samples, altered regions show less intense blue TL, whilst
the IRPL emissions increase in such regions. Contact with
fluids results in the formation of secondary minerals in pla-
gioclase, such as calcite, emitting intense luminescence in
the IR and yellow-green.

The results presented here demonstrate the sensitivity of
three different luminescence emissions to variations in feld-
spar chemistry and structure. These relationships highlight
the potential use of luminescence from feldspars to identify
and quantify crystallisation and post-crystallisation pro-
cesses in geological and petrological studies.
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{ Fig. 7 Spatially resolved IRPL,, luminescence, electron backscat-
ter images and chemical as well as luminescence data for plagioclase
samples CMFS-15 (a-c) and CMFS-17 (d-f)
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