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Abstract

Olivine has so far attracted limited attention as a potential luminescence dosimeter. In particular, there is a dearth
of information concerning the luminescence properties of geochemically characterised, pure olivine samples. Six
well-characterised olivine samples from four intraplate settings are investigated in this study, including emission
wavelengths and intensities, growth of signal with absorbed dose, signal stability and recovery of a given dose with
a single aliquot regeneration (SAR) protocol. All tested olivines share a low-temperature (90-100°C) UV/blue ther-
moluminescence (TL) peak, and five of six samples also produce a low-temperature red/yellow emission. Higher
temperature TL peaks, which would be thermally stable over geological timescales and could be used for dating,
are rarely observed at low doses (c. 46 Gy), but detectable though dim at significantly higher doses (c. 460 Gy).
Photostimulated luminescence (PSL) emissions are very dim, but reliably detected emissions are stimulated by
blue, yellow and infrared (IR) light. PSL yielded generally successful dose recovery results; however, all tested sig-
nals are prone to significant anomalous fading and complex thermal transfer between unbleachable and bleacha-
ble traps. These characteristics must be addressed if olivine is to be used as a natural dosimeter for luminescence
dating. Given the variety of luminescence responses, it appears that olivine samples in future dating work may

need to be individually characterised prior to measurement.
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1. Introduction

Assessment of volcanic hazards relies upon characterisa-
tion of the nature and frequency of eruptions in a given
area. While the first of these is typically accomplished via
geochemical analyses, frequency modelling requires accu-
rate and precise eruption ages. Despite many advances in
the past 20 years, there are still a number of impediments
hindering the dating of eruptions, particularly of Holocene
basaltic rocks. Argon—argon dating, in which the amount
of “Ar produced by post-cooling radioactive decay of “K
is used to calculate an age, is the most common method
for directly dating eruptions. In order to precisely date
eruptions younger than ca. 100,000 years old, K-feldspar
crystals must be present; only these reliably yield concen-
trations of potassium high enough to provide measurable
amounts of argon (Mark et al., 2014). For understand-
ing modern-day volcanic risk, it is precisely these young
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eruptions that must be dated, yet many of the most explo-
sive eruptions do not provide the necessary minerals. Other
decay-based dating methods, such as uranium—thorium
and radiocarbon dating, may also have significant issues.
Radiocarbon dating relies on the presence of appropriate
organic samples of less than ca. 50,000 years in age, which
may be rare in areas prone to extensive volcanic eruptions,
while uranium-thorium dates require precise estimations
of the initial isotopic ratios. Finally, cosmogenic nuclide
(in particular *H) surface exposure dating may be applied to
lava flows (Craig and Poreda, 1986; Laughlin ef al., 1994;
Espanon et al., 2014b), but this technique has relatively
low precision, requires extensive sample preparation, and
assumes that the surface has not been substantial altered
after deposition. It also cannot be used to date basaltic
tephra or buried volcanic rocks.

Luminescence dating may be a suitable geochronologi-
cal technique in these problematic settings. The method
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relies upon calculation of an absorbed environmental dose
(‘equivalent dose’ or D ) via the stimulation and emission
of photons (‘luminescence signal’) from mineral crystals.
The luminescence signal increases with time after the
crystallisation and cooling of minerals — as in the case of
volcanic phenocrysts — and can be reset by exposure to
light or heat during transport — as for volcanic xenoliths
or baked sediments. After estimation of the average envi-
ronmental dose rate to the sample (D), time elapsed since
the last resetting event or crystallisation can be calculated
as: Age=D /D.

While luminescence methods have been used to date
silicic volcanic rocks (see review by Fattahi and Stokes,
2003; Bosken and Schmidt, 2020), nearly all previous ap-
plications have relied on either quartz or K-feldspar. The
plutonic varieties of these minerals have been thoroughly
characterised by hundreds of luminescence studies (cf.
reviews by Wintle, 2008; Preusser et al., 2009), but vol-
canogenic crystals manifest significantly different charac-
teristics. Luminescence emission intensity, wavelength and
response to radiation dose may vary, with the key differ-
ence being the seemingly universal presence of anomalous
fading (Wintle, 1973). This process, in which the lumines-
cence signal decays during storage, is distinct from the ex-
pected loss of thermally unstable charge, and most probably
results from electron tunnelling (Visocekas, 2002). Without
correction, anomalous fading will result in an underestima-
tion of the luminescence ages. Although plutonic feldspar
crystals commonly suffer from anomalous fading (Huntley
and Lamothe, 2001; Auclair et al., 2003), experiments on
volcanic feldspars have demonstrated extremely high signal
loss rates (Gliganic et al., 2012). Unexpectedly, volcano-
genic quartz also suffers from significant anomalous fading
(Bonde et al., 2001; Tsukamoto ef al., 2007), while anoma-
lous fading has not been demonstrated for plutonic quartz.
Such high fading rates, which are attributed to disorder in the
crystal structure (Visocekas et al., 1998), invalidate some
of the assumptions used in typical age correction models
(Huntley and Lamothe, 2001). Therefore ‘corrected’ ages
may still underestimate (by more than half) the expected
ages based on independent age control (Tsukamoto ef al.,
2007; Thiel et al., 2015). While the effects of anomalous
fading can be potentially reduced or avoided by either us-
ing red emissions (Hashimoto ef al., 1986; Pilleyre et al.,
1992; Fattahi and Stokes, 2000) or elevated temperature
measurements of the optical signal (Tsukamoto et al., 2010;
Tsukamoto et al., 2013), these techniques are still under de-
velopment and may not be applicable to all volcanic en-
vironments (e.g. Richter et al., 2015). As both quartz and
feldspar minerals may be problematic in volcanic settings,
and in order to expand luminescence dating to intermediate
and mafic volcanic rocks, characterisation of new lumines-
cence dosimeters is desirable.

Olivine is the most common rock-forming silicate
mineral on Earth, and it is the principal component of the
Earth’s upper mantle. It is omnipresent in most mafic and
ultramafic intrusive rocks, such as gabbro and peridotite,
but it also occurs in certain metamorphic rocks and extru-
sive rocks such as basalt. Olivine has also been detected
in numerous meteorites and seems to be a major compo-
nent of extra-terrestrial, rocky moons and planets in our
solar system and beyond (de Vries ef al., 2012; Sivakumar
et al., 2017; Rubin and Ma, 2017). It has therefore been
suggested as a potential target mineral for dating Martian
deposits (Lepper and McKeever, 2000; Jain et al., 2006;
Tsukamoto and Duller, 2008). To date, only a handful of
publications have attempted to use or characterise mafic
minerals for luminescence dating (Jain ez al., 2006; Takada
et al., 2006; Tsukamoto and Duller, 2008; Tsukamoto et al.,
2011), and ever fewer publications have characterised pure
olivine (Jain et al., 2006; Takada et al., 2006; Colin-Garcia
et al., 2013). Importantly, the preliminary evidence avail-
able suggests that the luminescence characteristics of mafic
minerals may be strongly variable based on the particular
geochemistry of the volcanic deposit (Takada et al., 2006;
Colin-Garcia et al., 2013).

This paper provides a systematic screening of olivine
samples from different origins as a propaedeutic set for
potential future dating applications. Six petrographically
and geochemically characterised olivine samples from
four intraplate settings are studied: two mantle xenoliths
(Lanzarote, Canary Islands), three samples of olivine phe-
nocrysts derived from basalts (Eifel, Germany; Lanzarote,
Canary Islands; Argentina) and loose olivine grains from
a sand beach (Hawaii). Thermoluminescence (TL) and
photostimulated luminescence (PSL) properties are inves-
tigated, including emission wavelengths and intensities,
growth of signal with absorbed dose, signal stability and
recovery of a given dose with a PSL single aliquot regen-
eration (SAR) protocol.

2. Structure and properties of olivine

Olivine is a member of the orthosilicate class of minerals,
which is defined by the basic chemical formula, Z:0 = 1:4.
For olivine, Z = Si, therefore the primary structure is de-
fined by a silicon tetrahedron (SiO,; Fig. 1a). These iso-
lated tetrahedral structures are joined laterally by Mg or
Fe cations in octahedral coordination (Fig. 1; Bragg and
Brown, 1926). The octahedral sites are not all identical,
distorting the ideal hexagonal crystal structure and result-
ing in an orthorhombic structure (Bush et al., 1970). These
distortions (M1 and M2, Fig. 1b) are occupied mainly by
Mg and Fe, creating the two primary varieties of olivine,
forsterite (Mg,SiO,) and fayalite (Fe,SiO,); other types,
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Fig 1. Olivine structure. A) Silicon tetrahedra (blue spheres are oxygen)
are laterally joined by Fe or Mg (large green spheres) to the next
tetrahedral. Modified from Nesse (2012). B) M1 and M2 are octa-
hedral sites. Note that site M1 is more distorted than M2. T indi-
cates the centre of the tetrahedron.

b

such as tephroite (Mn,SiO,), are rare. Generally, the oliv-
ine composition is defined in terms of the solid solution of
the two end members, forsterite and fayalite: Fo,, for ex-
ample, indicates that the composition of olivine is 80% for-
sterite and 20% fayalite. Forsterite is the first olivine type
to crystallise from the melt as the temperature decreases to
1,890°C at one atmosphere pressure; therefore, the most
primitive olivines will have the highest forsterite and the
most magnesium (highest Mg#). Depending on chemical
composition, the density of olivine is between 2.5 g-cm™
and 2.9 g-cm .

Olivine is a readily available mineral among mafic
rocks (dark volcanic rock with high concentration of fer-
romagnesian minerals) in various tectonic settings (mid-
ocean ridge, intraplate, subduction-related). The process of
mineral nucleation from a melt is complex, as the system
not only requires the appropriate chemical components to
be present, but also the new mineral free energy of forma-
tion has to be lower than the same elements as part of the
melt (Nesse, 2012). In addition, the amount of nucleation is
related to the cooling temperature. In this sense, fast cool-
ing lavas such as in volcanic rocks have high activation en-
ergy, hence, a high amount of small nucleation. This results
in many crystals growing simultaneously, therefore limit-
ing the size of each crystal. The growth rate of a crystal
is determined by the surface energy, which is also tightly
associated with the cooling rate. Therefore, the lower the
surface energy, the larger the crystal. Furthermore, as the
crystal grows, the crystalline structure of the mineral will
develop point, line or planar defects (Nesse, 2012). These
defects are very important for luminescence as they consti-
tute the traps in which electrons will be held. It is important
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Table 1. Olivine sample details.

Location = Sample Rock type Latitude Longitude
Lanzarote LZ2 Peridotite xenolith 29.009361°N  13.716361°W
Lanzarote LZ4 Basalt (B) and xenolith (X)  29.021917°N  13.711972°W
Eifel E-1 Trachy-Basalt 50.348812°N  7.187948°E
Hawaii HB Olivine sand 18.936620°N  155.646280°W
Argentina  VRE-42  Basalt 35.848694°S  69.16200°W

to note that basalts generally erupt at 1,100°C to 1,250°C,
therefore constituent olivines have already crystallised.

3. Sample setting and description

Samples were collected at five locations from similar,
mainly intraplate tectonic settings (Table 1). Two samples
were collected from Lanzarote, Canary Islands (Spain).
Sample LZ2 is a peridotite xenolith from Pico Partido vol-
cano and belongs to the AD 17301736 Timanfaya eruption
(Aparicio et al., 2006). Sample LZ4 corresponds to the AD
1824 eruption of the Tinguatén volcano (Carracedo et al.,
1992). This particular sample contains two types of olivine
phenocrysts: (1) the ones that crystallized out of the magma
and (2) the ones that were carried with the magma from the
upper mantle and are part of a xenolith, which has crystal-
lized long before transportation. In the case of sample LZ4
the xenolith mainly comprises olivine (>50%), hence it is
called peridotite xenolith, and the size of the olivine pheno-
cryst is >500 um, while the material engulfing the xenolith
is basaltic in composition and contains smaller olivine phe-
norysts. Therefore, two olivine subsamples were analysed
from this rock, one from the basaltic groundmass (LZ4-B)
and one from the xenolith (LZ4-X). Sample E-1 was col-
lected close to the town of Sankt Johann in the East Eifel
Volcanic Field (Germany). The age of the eruption is ex-
pected to be between 410 ka and 470 ka, as it is part of the
Rieden volcanic complex (Bogaard et al., 1987). Sample
HB is composed of sand-sized olivine grains from the Pu'u
Mahana Beach, Hawaii (USA), where grains accumulate
as the adjacent cinder cone erodes. According to Walker
(1992), the eruption that produced this cinder cone exceeds
28 ka in age. Repeated bleaching and dosing of sedimen-
tary grains in this sample may have altered their lumines-
cence properties, as observed for quartz that has undergone
several sedimentary cycles (Pietsch et al., 2008). Sample
VRE-42 from the Llancanelo Volcanic Field (Argentina)
was collected 450 km from the closest plate boundary and
corresponds to back-arc extension volcanism, as the sub-
ducting slab has hinged back and created a gap for mantle
upwelling. Geochemically, this sample has a weak subduc-
tion-related signature (Espanon et al., 2014a). All samples
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selected for this investigation yielded fresh olivine grains,
which do not show alteration.

4. Methods

4.1. Mineral Separation

Rock samples were crushed using a press bench to obtain
fragments <2 cm in size, after which their grain size was
further reduced using a jaw crusher. Subsequently, samples
were washed with distilled water, dried and sieved to obtain
200—400 pm grains. An olivine-rich fraction was extracted
by magnetic separation with a hand-held magnet, followed
by density separation using diiodomethane (p < 3.3 g/cm?).
Non-rock sample HB contained shell fragments and was
first washed in 5% HCI for 20 min, then rinsed with dis-
tilled water. The grain size of this sample was reduced us-
ing a mortar and pestle and sieved to obtain 200-400 pum
grains. In order to assure the purity of the tested mineral
fraction, olivines from all samples were hand-picked under
a binocular microscope. During this step, composite oliv-
ines (olivines with groundmass attached), altered olivines
and any other minerals were removed.

4.2. Petrographic and Geochemical Analysis
Thin sections (one per sample, excluding loose HB grains)
were prepared and analysed at the University of Freiburg.
Previously cut, fresh rock surfaces were mounted on a glass
slide with Korapox 439 resin, after which the remaining
bulk was removed. Slices were first reduced to ~80 pm
thickness via a ball mill, then the final thickness (~30 pum)
was acquired by hand grinding using SiC 600-100 grit.
The thin sections were polished using a Logitech WG2
polishing machine with MetaDi Supreme Polycrystalline
Diamond Suspension with 9 um, 3 pm and 1 pm abrasive
particles, after which the sections were cleaned in an ul-
trasonic bath and with ethanol. All thin sections were ob-
served under a Leica petrographic binocular microscope.
Two geochemical characterisation methods were used.
Electron Micro Probe (EMP) analysis was performed for
the five rock samples, using a Cameca SX100 EMP with an
acceleration voltage of 15 kV, 20 nA maximum probe cur-
rent and a raster length of 30 um. The acquisition time was
40 s for K, 30 s for Cr and 20 s for all other elements. The
San Carlos olivine standard (Jarosewich et al., 1980) was
used for calibration. A minimum of four individual, similar-
ly sized olivines were analysed per sample. Unconsolidated
sample HB was analysed by Laser Ablation — Inductively
Coupled Plasma — Mass Spectrometry (LA-ICP-MS), at
the Institute of Geological Sciences, University of Bern.
Olivine grains were crushed and pelletised, after which
the olivine pellet was analysed by a GeoLas-Pro 193 nm
ArF Excimer laser system (Lambda Physik, Germany) in

combination with an ELAN DRC-e quadrupole mass spec-
trometer (Perkin Elmer, USA). Measurement standards
SRM612 and GSD-1G were used. Six measurements were
recorded, which have been averaged for the final reported
value.

4.3. Luminescence Characterisation

Stainless steel cups (provided by Freiberg Instruments),
tweezers and work surfaces were carefully cleaned im-
mediately prior to aliquot preparation. Preparation took
place in a low-dust environment not typically used for
luminescence sample preparation (no red-light illumina-
tion). Aliquots were prepared by loading loose olivine
grains into stainless steel cups until the entire surface of
the cup was covered by a monolayer of grains. These were
immediately covered with foil after preparation in order
to prevent any contamination, and then the cups were
transferred into the cleaned carousel of the luminescence
reader.

An automated Lexsyg Research TL-OSL system
(Richter et al., 2013) was used to characterise the lumines-
cence properties of the olivine grains. Samples were stored
within a light tight, 80-position carousel, and transferred
to the measurement chamber and measured one-by-one.
Beta irradiation of samples was conducted with a planar
Sr/*Y RFQ-2 source providing ¢. 0.12 Gy-s™ to coarse
grains on stainless steel. A ceramic heater plate was used
for linear ramping to a maximum temperature of 500°C
and stable heating of the aliquot cups during TL and PSL
measurements. Optical stimulation was provided by one
interchangeable PSL unit comprising 15 LEDs in three
emission wavelengths: blue (LZ1-00B200: 458 + 5 nm,
100 mW-cm™), infrared (IR) (LZ1-00R400: 850 + 20 nm,
300 mW-cm™?) and yellow (LZ1-00A100: 590 + 30 nm,
20 mW-cm™2). A fused quartz biconvex collecting lens lo-
cated in the PSL unit increased light collection efficiency.
Two six-slot filter wheels allowed a number of different
filter combinations to be easily tested during these experi-
ments. Filter details are provided in Table 2, and transmis-
sion characteristics for each filter are shown in Fig. 2a. In
the remainder of the paper, the filter combinations will be
referred to by the wavelength of their nominal peak trans-
mission (i.e. 330, 380, 410, 565 and 620). These transmis-
sions may also be referred to as UV (330 and 380 nm), blue
(410 nm), yellow (565 nm) and red (620 nm). Luminescence
signals were detected by two photomultiplier tubes (PMT),
an extended UV/blue optimised (Hamamatsu 9235QB)
unit and a red-enhanced UV-Visible GaAsP photomultipli-
er (Hamamatsu H7421-40 ‘Photon Counting Head”). The
quantum efficiency (QE) curve for each PMT is shown in
Fig. 2b.

Multiple TL and PSL experiments have been undertak-
en in order to characterise luminescence emissions from
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Table 2. Filter and PMT details. a) Detection packs (filters + PMT) for TL emission measurement. All detection packs use a Schott KG3 (3 mm) as one of
two filters; the second filter slot is variable. Transmitted flux refers to the integrated flux through each filter set as a proportion of the total possible
transmission, and the calculation for N is given in the text. b) PSL filter combinations used, always detected with UV PMT. No normalization is applied.

a) TL detection packs.

Detection pack [central A, nm] Variable filter slot Detector Transmitted flux (x1072) Norm. factor, N (x107%)
1[330] AHF-BrightLine HC 340/26 Interference (5 mm) UV PMT 1.92 0.57
2 [380] Delta BP 365/50 EX-Interference (5 mm) uv PMT 3.79 1.13
3 [410] AHF Brightline HC 414 (3.5 mm) UV PMT 5.50 1.50
4 [565] AHF Brightline HC 575 (5 mm) UV PMT 3.60 0.10
5[620] AHF ET Bandpass 620 (3.5 mm) Uv PMT 6.22 0.03
6 [565] AHF Brightline HC 575 (5 mm) Red PMT 3.59 1.63
7 [620] AHF ET Bandpass 620 (3.5 mm) Red PMT 6.22 2.60
PMT, photomultiplier tubes; TL, thermoluminescence.

b) PSL filter combinations.

Stimulation/detection Filter slot 1 Filter slot 2

1[BSL,,l Hoya U-340 (2.5 mm)
2 [BSL,,] Hoya U-340 (2.5 mm)
3 [YSL,,] Schott BG3 (3 mm)
4[YsL,, ] Schott BG3 (3 mm)
5[YSL,,.] Schott BG3 (3 mm)

6 [IRSL,,,] Schott BG39 (3 mm)
7 [IRSL, ] Schott BG39 (3 mm)
8 [IRSL,,.] Schott BG39 (3 mm)
9 [IRSL_ ] Schott BG39 (3 mm)

620-

AHF-BrightLine HC 340/26 Interference (5 mm)
Delta BP 365/50 EX-Interference (5 mm)
AHF-BrightLine HC 340/26 Interference (5 mm)
Delta BP 365/50 EX-Interference (5 mm)

AHF Brightline HC 414 (3.5 mm)
AHF-BrightLine HC 340/26 Interference (5 mm)
AHF Brightline HC 414 (3.5 mm)

AHF Brightline HC 575 (5 mm)

AHF ET Bandpass 620 (3.5 mm)

PSL, photostimulated luminescence.

the olivine grains. Measurement protocols are described
below and in Figs. 3 and 4. Calculation of L /T values has
been carried out via Rise Luminescence Analyst (Duller,
2013). All other analyses are described in detail below, and
they have been carried out via MATLAB scripts written by
one of the authors (LAC).

4.3.1. TL characterisation

TL emissions after irradiation with 46.4 Gy were charac-
terised for three unmeasured aliquots from each sample
according to Protocol A (Fig. 3). UV/blue emissions were
detected with the UV-enhanced PMT, and both available
PMTs were used to measure yellow and red emissions.
After data processing, however, it became clear that the
red-enhanced PMT provided a significantly higher signal-
noise ratio for both yellow and red emissions. Therefore,
for these emissions only the red-PMT results are report-
ed in this study. Background values for each emission,
which comprise thermally induced emissions from the
disc and heating plate, were also measured for each ali-
quot via Protocol A with no irradiation step. Glow curves
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(post-irradiation and background) were interpolated onto
the same temperature scale to correct for small inconsis-
tencies in heating rate, after which the background data
was subtracted from the post-irradiation data. This back-
ground corrected data was then normalised by the factor N
described below.

Three aliquots were also given a higher beta dose to
examine peak growth with laboratory dose (Protocol B,
Fig. 3): one unmeasured aliquot each from samples HB and
LZ4-X, and one of the previously dosed and TL measured
aliquots from E-1.

The data from these experiments have been analysed as
follows. In order to directly compare the magnitude of TL
emissions detected via separate filter packs and with two
different PMTs, it was necessary to apply a normalisation
factor to each glow curve. This is a product of both the
differing total intensity of light transmitted by the various
filter packs and the different QE curves of the detection
equipment. In general, the total amount of light detected
by the PMT at a given time is the integral (over all wave-
lengths) of the product of the transmission curves of each
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Fig 2. Filter and detection equipment characteristics. A) Transmission
curves for all filters and B) quantum efficiencies of the Hamamatsu
9235QB (‘UV PMT’) and Hamamatsu H7421-40 Photon Counting
Head (‘Red PMT’). PMT, photomultiplier tubes.

filter and the QE of the detection equipment. Therefore, the
true intensity of the emission can be estimated as:

I

meas

[=—F7—— ;
j/lTsz (QE)dl
where %, are chosen to encompass the effective QF of the
PMT, T, are the filter transmission curves and QF is
the QE curve.
Filter transmission characteristics and QE curves were
provided by Freiberg Instruments. Curves for the KG3 fil-

ter and both PMTs were digitised from images provided by

Protocol A Protocol B

Low Dose (Additive) High Dose

Reset Reset

Heat to 500 °C Heat to 500 °C
) > ) + R

B B

46.4 Gy '—‘ 464.5 Gy 'T
e v N\ X6 e v ~ x4

TL TL

5°Cs1t0 500 °C, hold 10s, J 5°Cs™t0 500 °C, hold 10s,

cool to 50 °C cool to 50 °C
\<Filter packs 1-7> \<Filter packs 1-3, 6, 7>

J

Fig 3. TL characterisation protocols: Protocols A and B. The flow chart
defines the sequence of steps for a single aliquot, with white boxes
indicating steps that only occur once and grey indicating repeated
steps. The repeating portions of the method are indicated with
an arrow and an integer indicating the number of repetitions. For
each repetition, any changing experimental parameters are indi-
cated in brackets (<>). For example, the steps in Protocol A are
carried out seven times total, and each time a different filter pack is
used for the TL detection. TL, thermoluminescence.

the manufacturers (Rohatgi, 2010). Filter sets used to de-
tect emissions are listed in Table 2a. All transmission and
QE curves (as a proportion of total intensity) were inter-
polated between 200 nm and 1000 nm (2 nm spacing) via
Matlab ‘spline’. Negative values were then removed from
the digitised data sets. For each wavelength, filter transmis-
sion values were multiplied with the QE curve of the ap-
propriate PMT. Numerical integration was then performed
over the range 200-1000 nm, to give the normalisation fac-
tor N (Table 2a).

4.3.2. PSL Characterisation

After examination of the TL peak structure, a relatively
low preheat temperature of 200°C (10 s) was selected for
all PSL measurements (emission selection via filters given
in Table 2b). PSL emission intensities (UV and UV/blue)
were characterised for blue, yellow and IR stimulation for
three unmeasured aliquots from each sample (Protocol C,
Fig. 4). For this initial characterisation experiment, IRSL
comprised two sequential measurements, the first at 75°C
and the second at 150°C, to see how the crystals responded
to a modified post-IR IRSL protocol (Thiel et al., 2011;
Thomsen et al., 2008). The entire measurement cycle was
repeated three times. IR/red detection (IRSL,, and IRSL, )
was also tested with one of the above aliquots from each
sample. Detectable emissions were defined by the presence
of a signal (first 5 s) greater than three times the standard
deviation above the background (last 10 s).

One previously measured aliquot from each sample
(TL, Protocol A) was then measured via Protocol D
(Fig. 4) in order to investigate differential bleaching ef-
ficiencies of blue, IR and yellow stimulation: after irra-
diation, a PSL step was inserted before TL measurement.
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Table 3. Major oxide composition of analysed olivines (in wt%).

Sample Sio, Tio, ALO, FeO MnO MgO Cao Cr,0, NiO Mg#
Lz2 41.34 0.01 0.02 8.18 0.12 49.84 0.04 0.02 0.41 92
Lz4-X 41.38 0.00 0.00 7.96 0.12 50.10 0.00 0.01 0.40 93
Lz4-B 39.69 0.04 0.04 13.92 0.23 45.48 0.32 0.03 0.23 87
E-1 37.97 0.04 0.04 24.26 0.68 36.47 0.47 0.01 0.06 75
HB 40.18 0.05 0.23 13.04 0.15 45.45 0.32 0.18 0.37 87
VRE-42 37.95 0.03 0.04 22.94 0.35 38.18 0.39 0.03 0.09 77

TL measurements were made with all five filter combina-
tions used in the TL characterisation above. LED intensity
and heating for the bleaching step have been chosen to be
the same as those used during the PSL characterisation and
dose recovery protocols, therefore, the results presented are
applicable to understanding what is occurring during the
different PSL protocols.

Post-bleaching recuperation was tested via short-shine
measurements (Protocol E, Fig. 4), in which a short stim-
ulation pulse releases a negligible fraction of the trapped
charge, ~1% (Smith et al., 1986). In this manner, ongo-
ing signal buildup or decay can be monitored. One previ-
ously unmeasured aliquot from each sample was irradiated,
bleached, then short-shine measurements were conducted
after storage periods ranging from immediate measure-
ment to 3.5 days. Each short-shine comprised 0.2 s stim-
ulation followed by continuing PMT recording for 1.6 s.
Recuperation values are calculated as the net short-shine
signal (intensity minus the average non-stimulation detec-
tion signal — dark current — of the PMT in the following
1.6 s) expressed as a percentage of the signal counts in the
first 0.2 s of the post-irradiation PSL bleach.

Storage experiments were used to investigate the sta-
bility of the detected PSL emissions, via a sensitivity-
normalised method comprising repeated irradiation and
preheating prior to varying storage times (Auclair et al.,
2003). Storage times ranged from immediate measurement
to 5 days. Two aliquots from samples HB, LZ4-X, E-1 and
VRE-42 were measured. All aliquots excepting one new
aliquot from VRE-42 had been previously measured, in-
cluding heating to 500°C. Five immediate measurements
were included in the protocol (three at the beginning, one in
the middle and one at the end) in order to test the accuracy
of the test dose sensitivity correction. Test dose normalisa-
tion is considered acceptable if the normalised intensities
of repeated steps (‘recycling ratio’) are within 15% or two
sigma of the first step. Signal integration times are the first
4 s for BSL and YSL measurements, and the first 10 s for
IRSL, and the last 40 s is used for background calculation.
G-values have been calculated where applicable according
to Huntley and Lamothe (2001).

Dose recovery experiments were carried out for pre-
viously unmeasured aliquots prepared from samples HB,
LZ4-B, LZ4-X and VRE-42. Due to the limited sample
quantities, only one aliquot each was measured for each
of three stimulation/detection combinations (BSL
IRSL,,,, YSL,)), excepting VRE-42, for which only two
aliquots were prepared (BSL,,, IRSL, ). Each aliquot
was first bleached with the chosen stimulation light for
1,000 s at room temperature, after which they were beta
irradiated (116.0 Gy). A SAR measurement protocol was
used, with recycled and zero-dose steps (Murray and
Wintle, 2003, 2000). The recycling ratio is the result of
dividing the second by the first recycling measurement.
The zero-dose comprises a ‘Pause’ block in the LexStudio
software, with the aliquot held at the stimulation head
position for 200 s. Zero-dose ratios were calculated by
dividing the L /T value of the zero-dose measurement by
the L /T value of the applied (recovered) dose measure-
ment. All parameters were held constant between experi-
ments (Fig. 4), except for the wavelength and intensity
of the stimulation light and sample temperature during
measurement. After the end of the primary dose recovery
protocol, each aliquot was stored for between four and
five days, and then the recuperated PSL signal was mea-
sured again (no preheat), followed by a standard test dose.
Signal has been integrated from the first 4 s (blue) or first
10 s (IR and yellow stimulation), respectively (unless oth-
erwise noted). The background has been calculated from
the last 40 s.

380°

5. Results

5.1. Petrographic Description

Olivine is the dominant mineral in the two xenoliths anal-
ysed. Due to the high olivine concentration (>40%), these
two xenoliths are identified as peridotite xenoliths. In
Fig. 5a and b other minerals can also be identified, such
as orthopyroxene (opx) and clinopyroxene (cpx), but these
only comprise a few percent of the xenoliths. Sample LZ2
has higher opx content than LZ4-X (xenolith), which in
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Fig 5. Analysed thin sections: A) LZ2, B) LZ4-X, C) LZ4-B, D) VRE-42, E) E-1. Photographs were taken using a binocular microscope (magnification x4)
under cross-polarised light. Examples of olivine (Ol), clinopyroxene (cpx) and orthopyroxene (opx) are identified in the images. Note that the black

areas in (c) are vesicles.

turn has a higher cpx content than LZ2. In sample LZ4-X,
olivines are much more fractured than those found in
sample LZ2, and slight alteration to the iddingsite can
be observed along the fractures. The alteration of oliv-
ine to iddingsite is not abnormal, and it is also apparent
in the olivine shown from sample VRE-42 (Fig. 5d).
The basaltic components of sample LZ4-B (Fig. 5¢) and
sample E-1 (Fig. Se) show a typical porphyritic texture.
The phenocrysts from sample LZ4-B (Fig. 5¢) are mainly
olivine, opx and cpx, while the groundmass is composed
of the same minerals as well as plagioclase. The sample
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from the Eifel Volcanic Field (E-1) is slightly different
as it contains other minerals such as nepheline (Fig. Se),
which are typically found in alkaline rocks (rocks with
high Na,0 + K,0). The groundmass of this sample is
composed of olivine, cpx, oxides and glass. The olivines
from all samples are fresh despite the slight alteration
to iddingsite observed in sample VRE-42. This sample
(Fig. 5d) has an interstitial and intergranular texture. The
phenocrysts are mainly olivine and cpx and majority of
the groundmass is composed of plagioclase feldspars and
some glass.
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5.2. Major Element Composition

The values presented in Table 3 are average measurement
values (samples VRE-42 and LZ4-B (n = 4); E-1 and HB
(n = 6) and LZ2 and LZ4-X (n = 10)). The relative stan-
dard deviation is less than 5% for the most abundant ma-
jor elements (SiO,, FeO, MnO and MgO); however, it is
larger for the rest of the major elements as their concen-
trations are low in olivine and close to the instrumental
detection limit.

Olivines from the two xenoliths have the highest MgO
content as expected due to their primitive origins (Table 3).
These olivines have been brought up to the surface within
a short time period, therefore they retain a characteristic
mantle composition. Since they did not have time to equili-
brate with the basaltic melt in the magmatic chamber, xe-
nolith olivines have a different composition than pheno-
crysts within the basaltic groundmass (Table 3). The lack
of significant alteration and the primitive origin of the oliv-
ines are further evidenced by the high magnesium number
(Mg#, Table 3). The olivines from the basaltic groundmass
have higher FeO, MnO and CaO content and lower MgO
and NiO than the olivines from the xenoliths. Sample E-1
has the most differentiated composition, according to the
low Mg# and NiO content. Sample VRE-42 has a higher
Fe content than other olivines in this study possibly due to
some olivine alteration to iddingsite.

5.3. TL Characterisation

Glow curves and interpolated (for heatmap visualization)
TL peak structure from laboratory doses (46.4 Gy) are pre-
sented for a representative aliquot from each olivine sample
(Fig. 6). Intra-sample variation was minimal, with central
peak temperatures and relative magnitudes nearly identi-
cal. The largest variation occurred in the relative magni-
tude of the 380 nm peak for aliquots from samples LZ4-B.
A UV/blue low temperature peak (90—100°C) seems to oc-
cur in nearly all samples. This comprises the dominant peak
for samples LZ4-B and LZ4-X, but it also occurs at low-
er relative intensities for samples HB, VRE-42 and LZ2.
Close examination suggests that this peak may also occur
in the E-1 data, but if present, the emission is weak and
difficult to distinguish from the rising edge of the 150°C
peak. The central wavelength for this peak emission seems
to be either 380 nm (common) or 330 nm (LZ2). The first
half of another peak found in all samples is visible in the
410 nm glow curves at 400-500°C. This blue peak is domi-
nant for HB, VRE-42 and LZ2. Further UV/blue emissions
are apparent, but these tend to be indistinct ‘ramps’ rather
than well-separated peaks (especially VRE-42 and LZ2).
An exception to this pattern occurs with sample E-1, where
overlapping but distinct, high magnitude peaks occur at
150°C and 290-300°C. A low intensity peak is also visible
at 240°C.

Red/yellow emissions are detected from all samples
except for HB, and peaks tend to occur at similar tempera-
tures and have similar relative intensities. Red emissions
are of the same or higher intensities than measured yellow
peaks for all samples except LZ2 and E-1. Single peaks are
detected in red/yellow emission windows for E-1 (~150°C)
and LZ2 (~100°C). Samples LZ4-B, LZ4-X and VRE-42
share a similar multiple peak structure, with a lower tem-
perature primary peak and a higher temperature indistinct
secondary peak. For LZ4-B and LZ4-X, the dominant peak
occurs at 90-100°C with secondary, indistinct peaks at
~130-150°C, while VRE-42 peaks occur at ~125°C and
200-200°C.

For the high-dose TL (Fig. 7), HB and LZ4-B oliv-
ines again share a similar peak structure. In the UV/blue
region, the low temperature 90—100°C peak remains, but
new peaks become visible at 200°C and 400-450°C. Both
peaks are strongest in the 410 nm signal. A dim red/yel-
low peak (~4000 cts/0.2 s) at ~125°C is also induced in
the HB olivine by the larger irradiation. For each sample,
signal magnitude is increased by 3—4 times for the UV/
blue low temperature peaks, and 10 times or more for the
UV/blue higher temperature peaks and the red/yellow low-
temperature peak. By contrast, the high dose irradiation of
the previously measured E-1 aliquot yields enhancement of
the previously apparent peaks between 6 and 10 times. No
further peak structure becomes apparent. Measured peak
structure in the Eifel olivines (Fig. 7a) still does not cor-
respond with the peak structure of the HB and LZ4-B oliv-
ines (Fig. 7b, ¢), even at higher doses.

Remnant natural TL (410 nm) is apparent in measure-
ments made prior to PSL characterisation in Protocol C for
five of six samples (excluding LZ2; Fig. 8). All rock sam-
ples have been prepared in standard indoor office light con-
ditions, and sample HB was collected from a beach surface
fully exposed to daylight. Therefore, it appears that charge
in traps >250-300°C is not or only very slowly bleachable.

5.4. PSL Characterisation
All samples, every aliquot and every repeated measure-
ment shared the same reliably detectable PSL emissions: all
tested emissions for blue and yellow stimulation (BSL
BSL,,, YSL,,,, YSL,,, and YSL, ), and IR, ; and pIR,, .
Three aliquots, one each from sample LZ4-X, VRE-42 and
LZ2, also yielded just detectable IR, emissions. All other
IR/pIR stimulation steps yielded occasional signals just
past the defined detection boundary; however, these never
occurred reliably on each of the three repeated cycles. No
measurements of IR emissions were possible, due to the
high IR background (several tens of thousands of counts
per 0.2 s).

Relative average intensities of the reliably detected
PSL emissions are compared in Fig. 9a. These have been
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Fig 6. Glow curve data is presented for low-dose TL characterization. Background subtracted and normalised glow curves are plotted over a heatmap
and contour lines, indicating the temperature and wavelength of detected peaks. Heatmap and contours are intended for visualization; these
have been estimated via interpolation of the measured glow curves and median filtering (window = 4 °C x 40 nm). Contours are drawn at inter-
vals of 25,000 counts for samples E-1, LZ4-B and LZ4-X, and 10,000 counts for HB, VRE-42 and LZ2. Curve data has not been plotted at tempera-
tures greater than 350 °C and 300 °C for yellow and red emissions, respectively, due to the high thermal background. Note also that luminescence
count scales cover a larger range for E-1 and LZ4-X. TL, thermoluminescence.

normalised by the total net PSL signal detected from each  most unique signals, with a net BSL,, signal between 8x
sample. Net signal intensities are in every case greatest for and 11x brighter than YSL_ . In terms of absolute emis-
the 380 nm emission during blue and yellow stimulation,  sion strength, E-1 olivines yield an initial BSL,, signal ap-
with the exception of sample LZ4-X, for which YSL, ,/ proximately three times brighter than all other olivine sam-
was slightly brighter than YSL, . Sample E-1 yields the ples, which cluster around 1000 cts/0.2 s. Other emission
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Fig 7. Background corrected low- and high-dose glow curves compared for samples A) E-1, B) HB and C) LZ4-B.

intensities are dim but quite homogeneous between all
samples. IR, ; and YSL,  initial intensities are 273 & 41
and 188 + 54 cts/0.2 s, respectively (i + 1o, all aliquots, all
repeated cycles).

Representative decay curves for these signals (Protocol
C) are plotted in Fig. 9b—d. Decay curves from bleached
but unheated aliquots can be seen in Fig. 13 (Protocol G).
All aliquots within a certain sample share the same basic
decay curve characteristics, though these can vary be-
tween samples. For instance, BSL,,, decay curves are the
most variable, with Eifel olivines consistently showing a
prominent decay component between c. 3 s and 20 s that
is not apparent in grains from other samples. This pattern
is also shown by VRE-42 olivines, to a much lesser extent.

IRSL, , and YSL,, decay curves are much more homoge-
neous. Decay curve fitting was performed for BSL, IRSL
and YSL emissions with single exponential and sums of up
to four exponential decay functions. All curves are best fit
by more than one exponential component, most often three.
Variation in the dominance of each decay component can
be seen in Fig. 9b, and particularly in Fig. 13. It is apparent
that the BSL,, decay is most often dominated by the fastest
decaying function, whereas IRSL,  and to a lesser extent
YSL,,, are dominated by a slower decaying component.
Inspection of the TL resetting steps in the above experi-
ment revealed the existence of an incompletely bleached
TL,  emission between 200°C and c. 325°C. The mag-

410
nitude of this peak was similar after blue, yellow and IR
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Fig 8. Remnant olivine natural glow curves (410 nm): grains were ex-
posed to standard office lighting conditions for several hours dur-
ing preparation. A typical signal used for background subtraction
is also shown.

bleaching for five of six samples. E-1, by contrast, showed
a substantial and replicable decrease in remnant charge
after BSL as opposed to YSL or IRSL steps. Protocol D
was therefore conducted in order to investigate bleach-
ing efficiency, by inserting a bleaching step between irra-
diation and TL measurements. Fig. 10 shows the results,
with signal loss due to blue, yellow and IR stimulation
plotted as a percentage of the unbleached glow curve in-
tensity measured for the same filter combination during
Protocol A. Unsurprisingly, the unstable low temperature
peaks, below c. 100-125°C, are fully emptied by the PSL
protocols used (stimulation plus heating). For olivines with
detectable TL peaks between 150°C and 400°C (HB, VRE-
42 and particularly E-1), charge is released by blue, yellow
and IR stimulation in that order of efficiency. E-1 olivines
appear to share a higher BSL bleaching efficiency (>80%)
up to approximately 300-350°C, in contrast to the other
samples; however, this is complicated by the dimness or
absence of high-temperature peaks in the other samples.
By approximately 400°C, yellow and IR stimulation seems
to be as or more efficient at bleaching charge than blue
light; however, this may be an artefact of the background
subtraction.

Fading experiment results are summarised in Fig. 11.
Recycling ratios are unacceptable for one, two and three
aliquots measured with BSL,, YSL,  and IRSL,  signals,
respectively. Data for these aliquots are shown for com-
pleteness (indicated by white-filled symbols), but accurate
measurements of signal instability in a regeneration proto-
col requires a stable, sensitivity-corrected signal. Accepted
aliquots display complex relationships between signal mag-
nitude and storage time. Only three sets of measurements,
two E-1 aliquots measured via BSL,, and one E-1 aliquot
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measured via YSL_, , show the expected linear decrease in
signal with decade of time due to anomalous fading. For
these aliquots, normalised signal intensity has decreased
to less than half of its original value after 5 days of stor-
age. g-values of 43.5 + 0.6% per decade and 53.1 £ 1.1%
per decade are calculated for BSL,, and YSL, , signals,
respectively. By contrast, other aliquots show significant
departures from expected linearity, with periods of signal
stability, loss and even increase with storage time. These
patterns do not correlate with T /T, sensitivity change;
therefore, this seems to be a true measurement of the signal
behaviour through time. Signal increases do not seem to be
due to incompletely corrected sensitivity changes, as can
be seen by comparing the normalised luminescence chang-
es and inset T /T, values.

Both short-shine measurements (Fig. 12) and zero-dose
ratios (immediate and five days, Table 4) have been exam-
ined for signal recuperation. A wide variety of behaviour is
apparent; however, some patterns can be seen. Short-shine
measurements indicate that BSL,  recuperation levels tend
to be less than 5% of original PSL intensity, even after stor-
age for several days. The exception to this is sample HB,
which yields a significant (>20%) recuperation value by
1 day of storage. In contrast to this, YSL,, signal recupera-
tion rises to ca. 20% by the first day for all aliquots, then re-
mains stable or decreases by three days of storage. IRSL,
results are more mixed, with some high and some negligi-
ble recuperation values. Interestingly, five days zero-dose
ratios tend to show a different pattern (Table 4), with BSL
signal recuperation at a very high level. BSL,, measure-
ments show that while HB signal recuperation is again
the most significant (88.4% recuperation), both LZ4-X
and VRE-42 recuperated 14-20% of their original signal.
IRSL, , recuperation is again problematic for HB (36.6%);
however, samples LZ4-B, LZ4-X and VRE-42 have zero-
dose ratios less than 5%. Recuperation is similarly low for
YSL,,, measurements upon samples HB and LZ4-B.

Finally, dose recovery experiments yield generally ac-
ceptable results. Recycling ratios and immediate zero-dose
ratios were acceptable for all BSL and IRSL emissions;
IRSL emissions tended to have higher immediate zero-
dose ratio values, but all were under 5% of the induced
‘natural’ signal. Recycling ratios for the YSL measured ali-
quots were also acceptable, as were immediate zero-dose
ratios for two of three aliquots; the third yielded a zero-
dose ratio of 12.6 &+ 5.5%. BSL,,, and IRSL, , emissions
recovered doses within one sigma of the given dose for all
tested aliquots, with the exception of LZ4-X. Measurement
of YSL emissions underestimated given doses by between
10% and 20%, though the recovered dose overlapped
unity for one aliquot (HB) due to the magnitude of the er-
ror values for the dim signals. Irradiation-induced signals
(‘growth curves’) are best fit with a sum of two saturating
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Fig 9. PSL properties of olivine samples. A) Net PSL signals as a proportion of the total net signal emitted by grains from each sample. Signal proportion
and total signal are calculated for each sample from the average of all measured aliquots and each repeated cycle. Only reliably detected signals

are included (see text). Decay curves from all measured aliquots are presented for B) BSL

s C) YSL,, and D) IRSL,, - measurements (75 °C main

plot, post-IR 150 °C inset). IR, infrared; PSL, photostimulated luminescence.

exponential functions in all but one case (HB YSL,), and
all signals are still increasing at 1,000 Gy dose. The IRSL,,
signal may typically saturate at higher doses than does the
BSL,,, and YSL,, signal, as this was the case for three of
four tested samples. Sensitivity changes of nearly 50% are
possible during SAR measurement, but it is not possible to
draw any strong conclusions concerning patterns of sensi-
tivity change from this limited data. Interpreting this data
in the light of the fading experiment results is challenging,
and further studies are necessary.

6. Discussion

Luminescence characterisation of six intraplate olivine
samples demonstrates that measurable TL and PSL signals
can be induced via laboratory beta irradiation. TL peaks
can be measured in both UV/blue and yellow/red bands,
while UV and UV/blue PSL signals are observable with
blue, yellow and IR stimulation from all samples. Dose re-
covery experiments are fairly positive with most aliquots,

with acceptable recycling ratios and seven of eleven tested
aliquots yielding a recovered dose within 10% of the given
dose. Saturation levels are high, as luminescence signals are
still increasing at nearly 1,000 Gy given dose. Considering
typical dose rates for basalts <5 Gy-ka™ (Tsukamoto et al.,
2011; Rittenour et al., 2012; Shitaoka et al., 2014), such
growth curves suggest that dates of at least several hundred
thousand years could be measured.

Significant hurdles exist, however, if olivines are to be
used as a natural dosimeter for luminescence dating. Both
TL and PSL signals are relatively dim, given that many
hundreds of grains were measured simultaneously and
counting times of 0.2 s were used. TL peaks at temperatures
>100°C were rarely observed at a given dose of ca. 50 Gy,
and both high (464.5 Gy) and low (46.4 Gy) dose peaks are
not well separated. PSL measurements of recuperation and
fading indicate that sometimes significant charge popula-
tions are transferred from non-bleachable into bleachable
traps during storage at room temperature. Indeed, though
short-shine and dose recovery recuperation measurements
suggest that this process may not be universal for all PSL
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Fig 10. Proportion of TL (%) bleached by blue, yellow or IR stimulation for samples A) E-1, B) HB, C) LZ2 and D) VRE-42. The bleaching percentage is
sometimes greater than 100 due to analytical error. Subplots for each sample correspond to emission detection wavelengths, and line colours
indicate the stimulation light. For example, it is apparent that for sample E-1 blue light bleaches nearly all TL signal in the 330 nm detection
window for temperatures up to ~350 °C. IR, infrared; TL, thermoluminescence.
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shown in the inset boxes for E-1 and HB. Note that the sensitivity patterns do not correlate with ‘outlier’ intensity measurements. Calculated
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380

signals and all samples, all fading experiments with the ex-
clusion of E-1 BSL,,, and YSL,,, yield unexpected non-
linear signal decrease. This type of complex charge transfer
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invalidates one of the key assumptions of a D, measure-
ment protocol, i.e. the laboratory beta irradiation and ali-
quot preheating is an acceptable proxy for the storage over
geological timescales. Finally, for the E-1 aliquots from
which a fading rate could be calculated, extremely high g-
values >40%/decade were obtained. Such values are too
high to correct luminescence ages using standard tunnel-
ling model equations (Huntley and Lamothe, 2001).

The luminescence characteristics noted in this study share
some similarities with experimental results published previ-
ously; however, experimental protocols vary substantially,
and results are therefore difficult to compare directly. Colin-
Garciaet al. (2013) also note the presence of general TL peaks
(no emission selection via filters) at ~100°C and below after
laboratory irradiation of two samples (San Luis Potosi State,
Mexico; Lanzarote, Canary Islands), however, non-ionizing
UV irradiation was used. Takada ef al. (2006) characterised
three samples (USA, China, Pakistan), and also detected this
low temperature peak in UV-blue TL. Additionally, howev-
er, they detect a fairly well separated peak at c. 190°C after
irradiation (several tens to 124 Gy) and a peak at 275-310°C
for doses >200 Gy. The first of these is present but very dim
and not well-resolved in several of our samples, though it
appears distinctly for our sample HB after a 464.5 Gy irra-
diation. The second, however, is only seen from sample E-1,
and can be measured after both low and high irradiations.
Koike et al. (2002) note both dim blue and strong yellow/
red emissions for gamma-irradiated forsterite and natural
olivines (Egypt) measured primarily at low temperatures
(93-376 K). Comparable PSL characteristics are only avail-
able from two studies. In contrast to this study, Takada et al.
(2006) find that BSL is generally dimmer than IRSL, but this
is likely due to the discrepancy between the stimulation pow-
er: 15 mW-cm? and 370 mW-cm 2 for blue and IR LEDs,
respectively. Examination of TL measured from an irradiat-
ed and IR bleached aliquot, however, is similar to the results
reported here, with most of the trapped charge released by IR
stimulation being stored in peaks <250°C but some released
from up to ¢. 350°C. Jain ef al. (2006) also measure a high
saturation level of 4.3 kGy via a BSL,,; SAR protocol from
one aliquot of pure olivine (San Carlos, Arizona, USA),
but this is a low-temperature (30°C) measurement after
x-ray irradiation. Fading experiments for this olivine sample
(250°C preheat, BSL,,, @ 50°C) indicated much slower
anomalous fading than the samples presented here, with
only 20% of the signal lost after two to three days of stor-
age. Given the paucity of samples and studies with which
to compare and the variety of experimental protocols used,
we suggest that significant further research is necessary to
narrow down universal and sample-specific luminescence
characteristics of olivines.

It is premature to draw any conclusions concerning
the luminescence characteristics noted and the particular



GEOCHRONOMETRIA | LUMINESCENCE CHARACTERISTICS OF INTRAPLATE-DERIVED OLIVINES

a) HB
18 -
] 1000 c
16 _ 7 X
¥ 500 =
14 e
g —~ 0
12 - & 800 =
% 10 = =
& 2 400 =
8 S
T
6 8 0
4 300 c
S
2 —4-IRSL 180F YN
0 ~m YSL T T I
2 0
0 200 400 600 800 1000 10T 100 107 102
Dose (Gy) Time (s)
b) LZ4-B Cycle
18 5000 1.3 5 7.9 45
16l coees®lqeil &
2500 05
14}
| = 0
12 & 1000
o
'l< 10t 5
ES 2 500
J 8r =]
T
6f 2 0
. © 2000 18-
r —e—BSL 1 %
2t —¢-IRSL 1000 05F
0 ..m-YSL .
0 200 400 600 800 1000 1
Dose (Gy)
c) LZ4-X
18 5000
16 T
gt ] 2500
14 -
et = 0
12 . ‘ & 1000
o
X 10 5
j 8 3 500
o
6 Z 0
O 4000 =
4 —e—BSL R R C i L
2 —¢-IRSL 2000 05
y ..m-YSL
0 0
0 200 400 600 800 1000 101 100 107 102
Dose (Gy) Time (s)
d) VRE-42 Cycle
18 1.3 5 7 9 45
T 2000 .o PPy E
16 . X
1000 =
w7 ] S
) 0
12 Q.
1o 31000 p
& 2 500 &
58 )
6 0
10T 100 107 102
4 —e—BSL Time (s)
2 —¢-IRSL —— Recovered @BSL
04 - YSL —— - Recuperated ¢ IRSL
0 200 400 600 800 1000 mYSL
Dose (Gy)

Fig 13. Dose recovery experiments: measured for each sample from BSL_, YSL_ .,
visibility) and decay curves (right) are shown for each stimulation/detection combination. Both the signal measured directly after the Recovery
Dose and the recuperated signal (post-bleach, five days storage) decay curves are shown. Test dose sensitivity changes are also presented

(inset).

90

and IRSL,,, 75 °C emissions. Growth curves (left, data jittered to aid
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Table 4. Dose recovery results: each row corresponds to measurements made on one aliquot. The recycling ratio and zero-dose ratios are as defined
in the text. Note that aliquots were not preheated prior to the five days zero-dose measurement. The recovered dose has been normalised by the

given dose (116.0 Gy).

Sample Emission Recycling ratio Zero-dose ratio (%) Normalised recovered ratio
Immediate Five days

HB BSL,., 1.11+0.1 0.60+1.24 88.44 +7.60 1.05+0.08
YSL,,, 0.97£0.19 12.57 £5.52 0.88£0.14
IRSL, 1.10 £ 0.06 3.00+0.52 36.62 +1.80 0.97 +0.04

Lz4-B BSL,,, 0.93£0.05 1.53+0.57 -0.24£0.56 0.93£0.05
YSL,g, 0.95+0.05 0.68 +0.68 0.80+0.04
IRSL, 0.93+0.05 2.13+0.50 3.54+0.48 1.02 +£0.05

LZ4-X BSL,g, 0.96 +0.08 -7.63+1.72 27.81+2.381 0.84 +0.05
YSL,g, 1.00£0.05 0.43+0.43 0.00 0.89+0.04
IRSL, o 1.11+0.06 3.90+0.54 0.45+0.45 1.01+0.13

VRE-42 BSL,, 1.01+£0.05 1.98+0.47 14.52+0.85 0.96 +0.06
IRSL, o 0.97 +0.05 4.31+0.51 0.56 +0.46 1.03+0.06

geochemistry, mineralogy and thermal history of the
samples. Some possible correlations will be briefly men-
tioned, however, as avenues for future studies. Sample
E-1 olivines are distinctive chemically, being the most
differentiated, and they are emplaced within a ground-
mass with unusual mineralogy compared to the other in-
traplate olivines studied. E-1 luminescence characteristics
are similarly unusual, with a TL peak structure unlike any
of the other characterised olivines (both low and high dos-
es). E-1 olivines do share reliably detected PSL emissions
with the other samples, but BSL bleaching efficiency is
unusually enhanced, and BSL,, and YSL,, fading experi-
ments yield very distinctive patterns. Given geochemical
similarities between xenoliths LZ2 and LZ4-X, one might
then expect these samples to share some luminescence
properties. Interestingly, however, LZ2 and LZ4-X TL
emissions are fairly different, while the basaltic olivines
LZ4-B and xenolith LZ4-X are chemically dissimilar
but TL emissions share peak wavelengths and emission
temperatures. It is possible that the similarities between
LZ4-B and LZ4-X are instead driven by the shared ther-
mal history of the LZ4 olivines (Tinguaton eruption in AD
1824). Thermal history has been suggested as a funda-
mental driver of processes including fading rates (Guérin
and Visocekas, 2015), sensitivity (Rendell et al., 1994)
and presence/absence of particular TL emission peaks
(Hashimoto et al., 1994; Ganzawa, 2010) in well-studied
quartz and feldspar crystals. Of course, none of these stud-
ies relate particularly to olivines, therefore we must rea-
son by analogy at this stage. Colin Garcia ef al. (2013)
have shown for two olivine samples (San Luis Potosi,
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Mexico and Lanzarote) that annealing olivines at 1100°C
for one hour changes the texture of the crystal, observable
under the scanning electron microscope, and may alter
some of the peak centres for TL emissions (though this is
after UV irradiation). Finally, one might expect that HB
olivines, which have been subjected to repeated cycles of
irradiation and bleaching as primary components of beach
sand, should develop distinctive luminescence character-
istics, potentially including significantly more sensitive
PSL, as observed for quartz (Pietsch et al., 2008). HB ol-
ivines, though, are not unusual in either TL or PSL char-
acteristics as measured in this study.

7. Conclusions

Six olivine samples from intraplate settings have been geo-
chemically and petrographically described and their lumi-
nescence signals (TL and PSL) have been characterised.
This study has found that:

TL and PSL signals are dim to very dim,

All samples show a low temperature (90—100°C) emis-
sion peak in the UV/blue range, and five of six also
have a low temperature yellow/red wavelength emis-
sion peak,

Measurable, distinct TL peaks at higher temperatures
are rare (E-1), but where they exist, they are not quickly
bleachable via PSL,

UV and UV/blue PSL emissions can be stimulated by
blue, yellow and IR light,



GEOCHRONOMETRIA | LUMINESCENCE CHARACTERISTICS OF INTRAPLATE-DERIVED OLIVINES

* Recuperation values may be quite high, and fading and
recuperation tests suggest that complex charge transfer
processes are underway in bleached olivines.

Further development of D, measurement protocols for ol-
ivines will need to address these issues. It appears important
to assess the olivine chemical composition and to determine
their origin. Olivine xenoliths that have not equilibrated
with the melt have a primitive composition, while pheno-
crysts incorporate a much wider range of elements possibly
influencing trap availability and luminescence characteristics.
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