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Abstract

Samples collected from gypsiferous deposits
in the Nefud Desert, Saudi Arabia, yielded
anomalous signals when presumed quartz and
feldspar extracts were measured with BSL and
pIRIR;9p SAR protocols, respectively. Sub-
sequent scanning electron microscopy analy-
sis indicated that the majority of extracted
coarse grains were gypsum instead of quartz
or feldspar. Luminescence signals were de-
tected from gypsum at room or low (50°C)
temperature when stimulated with blue (UV
detection: 330, 380 nm) or IR (blue detec-
tion) light. No UV (330 nm) emissions were
detected with IRSL stimulation. A modified
SAR protocol (no preheats) was successful in
building saturating exponential growth curves
for BSL/UV3g) and IRSL/blue emissions from
gypsum, with acceptable recycling and zero
ratios. Luminescence measurement of gyp-
sum with standard protocols used for quartz
(BSL/UV349 SAR with preheats) and feldspar
(PIRIR 99 with preheats) yielded either negli-
gible or anomalous signals that could be ex-
cluded from consideration via typical rejection
criteria. Additionally, massive decrease in sen-
sitivity with SAR cycle was found to be indica-
tive of gypsiferous content. Therefore measure-
ment of quartz and feldspar aliquots according
to standard procedures should be possible even
in gypsum-contaminated samples, though con-
centration of these minerals via an extra density
separation step may be necessary.

Keywords: luminescence, gypsum, sample
preparation, rejection criteria

1. Introduction

Gypsum (CaSOy - 2H,0) is a moderately soluble evapor-
ite commonly found in arid environments. Precipitate de-
posits may be classified as primary, forming from a super-
saturated brine pool, secondary, precipitating in intrasedi-
mentary spaces (e.g. desert roses), or, perhaps most often,
a mixture of the two (Warren, 2006). Unless gypsum has
formed within a supersaturated water column, mineral in-
clusions such as quartz and feldspar grains are very com-
mon, and physical separation of the minerals is complex and
time-consuming (McLeod et al., 1985). Anhydrite (CaSOj)
is a closely related mineral that may form naturally, or it can
be produced artificially by heating gypsum and inducing the
progressive loss of both water molecules. Loss of water from
the crystal structure begins at temperatures as low as ~363 K
(~90°C) (Lager et al., 1984).

Various attempts have been made to date gypsum or an-
hydrite via trapped charge dating techniques, such as elec-
tron spin resonance and thermoluminescence (Nambi, 1982;
Mathew et al., 2004; Nagar et al., 2010; Aydas et al., 2011).
More recently, O’Connor et al. (2011) have shown that room
temperature blue light stimulation (470 £+ 30 nm) and in-
frared stimulation (830 £ 10 nm) of both gypsum and anhy-
drite yield measurable UV (5 mm Hoya U-340) or blue-violet
(1 mm Schott BG-39 and 2.5 mm Corning 7-59) and UV
emissions. Detschel & Lepper (2009) also detected BSL/UV
and IRSL/UV signals (same stimulation/detection as above)
from gypsum at room temperature, but only BSL/UV from
anhydrite. The irradiating source in this study, however, was
ionizing UV radiation from a deuterium source, therefore it
may not be directly comparable. O’Connor et al. (2011) also
reported that a modified, room temperature SAR protocol ad-
equately corrected for sensitivity changes and could be used
to measure a saturating exponential regeneration curve, how-
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ever, signal fading was significant (less than 5 % per decade)
for all tested combinations except for IRSL/UV of gypsum.
Jain et al. (2006) published measurable signal and growth
curves from gypsum and anhydrite (BSL/UV), but noted a
sensitivity decrease of nearly an order of magnitude after pre-
heating to 260 °C (held 0 s). Mahan & Kay (2012) attempted
to date gypsum from Salt Basin Playa via a BSL/UV SAR
protocol with preheats of 180 °C for 10 s and BSL measure-
ment at 125 °C, working on the assumption that the complete
transformation into anhydrite did not occur until ca. 180—
200 °C. They also noted severely decreased signal intensity
with preheats greater than this temperature. Standard pre-
heats or raised temperature stimulations seem to have a dele-
terious effect on the signals measured from gypsum, which is
likely linked to dehydration of the crystal structure and even-
tual conversion to anhydrite. It should be emphasized that
the above research has shown anhydrite and gypsum to have
distinct signal characteristics (Detschel & Lepper, 2009; Jain
et al., 2006) and fading rates (O’Connor et al., 2011).

Samples collected from gypsum-rich environments are
likely to comprise mineral mixtures which cannot be com-
pletely separated, and the experiments described above sug-
gest that gypsum/anhydrite may produce a measurable emis-
sion during standard, elevated temperature OSL/IRSL mea-
surement of quartz or feldspar. Luminescence signal con-
tamination can lead to age underestimation if a proportion
of the measured signal fades over geological time scales. It
may also lead to incorrect dose rate calculations if radioiso-
tope distribution and attenuation factors are miscalculated or
poorly understood. Current rejection criteria, such as the
IR depletion ratio (Duller, 2003), ensure that feldspar dom-
inated aliquots are excluded from quartz BSL populations,
while IRSL emissions from quartz will be negligible during
typical feldspar IRSL and elevated temperature post-IR IRSL
measurements (Spooner, 1994). The efficacy of such mea-
sures for excluding gypsum- or anhydrite-signal dominated
aliquots, however, has not been tested.

2. Methodology

Samples were collected from two endorheic basins, Al
Marrat and Jubbah, located near the southern edge of the
An Nefud sand sea (Saudi Arabia) (Petraglia et al., 2011,
2012). Gypsum-rich samples (JB2-OSL2: 1.57 m, JB2-
OSL5: 4.15 m) were collected from palaeoenvironmental
sampling site JB-2 in the Jubbah basin, an 8.5 m section com-
prising carbonate-rich and gypsiferous sediments, sands, and
clays. Field observations indicated extensive gypsum pre-
cipitation within the upper four to five meters of this sec-
tion, with crystals up to several centimeters in size. Dur-
ing sampling, however, an effort was made to avoid the
most gypsiferous units, and samples were collected from
powdery carbonate units. It was presumed that these car-
bonate units might be more likely to include quartz and
feldspar grains. Collection and initial preparation methods
for nominal ‘quartz’ and ‘feldspar’ coarse grain fractions
(180—255 um) followed Hilbert et al. (2014), and included
wet sieving, digestion in hydrochloric acid, a sodium poly-
tungstate separation (p = 2.58 g cm™), and ninety minutes
hydrofluoric acid etching for the quartz fraction.

Subsequently, these samples were prepared with a second
sodium polytungstate separation (p = 2.35 g cm™) in order to
further separate pure gypsum crystals. The efficacy of these
density separations will be discussed later. In the results and
discussion, mineral fractions will be referred to by density
(e.g. p <2.58 or p <2.35 g cm™). Typical Nefud coarse-
grained quartz (Q) and feldspar (F) separates (180 —255 pm)
were extracted from luminescence samples collected in sand-
rich deposits in the nearby Al Marrat basin and Jubbah basin
site Al-Rabyah (Hilbert et al., 2014), respectively. These
were prepared according to the first method described above.

All equivalent dose (Dg) measurements were performed
with either a lexsyg research or a lexsyg smart (Richter
et al., 2013). Standard BSL SAR (Murray & Wintle, 2000,
2003), pIRIRz99 SAR (Thiel et al., 2011), and modified
low temperature BSL and IRSL SAR protocols (similar to

Set | Stim./Detection | Use

Filters

1 BSL/UV349 Standard BSL SAR

Hoya U340 glass (2.5 mm) +
Delta-BP 365/50 EX-interference (5 mm)

2 | IRSL&pIRIRy

Standard IRSLso and pIRIR»9q

Schott BG 39 glass (3 mm) +
AHF Brightline HC414/46-interference (3.5 mm)

3 BSL/UV33 Gypsum characterization

Hoya U340 glass (2.5 mm) +

(RT) AHF Brightline HC340/26 Interference (5 mm)
4 BSL/UV3gg Gypsum characterization Hoya U340 glass (2.5 mm) +

(RT) Delta-BP 365/50 EX-Interference (5 mm)
5 IRSL/UV339 Gypsum characterization Hoya U340 glass (2.5 mm) +

(50°C) AHF Brightline HC340/26 Interference (5 mm)
6 IRSL/blue Gypsum characterization Schott BG 39 glass (3 mm),

(50°C) Schott BG 25 (3 mm), Schott KG3, (2 mm)

Table 1. Filter combinations used for measurements.



Clark-Balzan, Ancient TL, Vol. 34, No. 1, 2016

O’Connor et al. 2011) were tested for various mineral frac-
tions. Measurement parameters and luminescence signal in-
tegration limits are given in Tables 1 and 2, and data were
analysed with Luminescence Analyst v. 4.11. Detection/e-
mission combinations are referred to in the text as, e.g.,
BSL/UV330: blue light stimulation with emission detection
centered at 330 nm. Though the gypsum will be at least par-
tially dehydrated by heating, we will refer to non-quartz and
feldspar aliquots both pre- and post-heating as either gypsum
or gypsum-rich.

3. Results and Discussion

Initial BSL and pIRIR9p measurements upon mineral
separates (p < 2.58 gcm™ and p < 2.58 g cm™, respectively)
from samples JB2-OSL1 and JB2-OSL2 yielded either neg-
ligible or anomalous signals (see discussion below and Fig-
ure 3). This prompted the mineralogical investigations and
luminescence characterization reported here. As a first step,
the purity of each fraction was investigated via scanning elec-
tron microscopy. Previously measured aliquots from both
samples were carbon coated and examined for grain mor-
phology and composition. Many crystals displayed morphol-
ogy typical of gypsum (Mees et al., 2012), with elongated
shapes (> 600 um) or smaller, broken crystal forms (Fig-
ure 1). Spectral analysis confirmed the dominant presence of
gypsum with some quartz or feldspar grains in both fractions.
Nominal ‘quartz’ aliquots (p >2.58 g cm™) comprised half
or more gypsum grains, while nominal ‘feldspar’ aliquots
(p <2.58 g cm>) comprise primarily gypsum, with infre-
quent feldspar and quartz grains. Mahan & Kay (2012) also
described poor results from density separation of gypsum-

rich samples and attributed this to gypsum overgrowth upon
denser minerals such as quartz. It seems possible, too, that
the sheer amount of gypsum in these samples might have
trapped denser grains during density separation, though sam-
ples were stirred gently to discourage grain clumping and
then centrifuged for at least 5 minutes. It can also be noted
that SEM images of the gypsum crystals do not show any pits
indicative of hydrofluoric or hydrochloric acid etching. Gyp-
sum reaction with hydrofluoric acid seems to be negligible at
room temperature during the 90 minute etch used here; this
is in contrast to HF etching of quartzes and feldspars which
results from the conversion of silicates into fluorosilicates
(Fogler et al., 1975). Indeed, chemical removal of gypsum
precipitates requires extensive treatment with high strength
acids, for instance, treatment by ethylene diamine tetra acetic
acid followed by digestion in heated 12 N HCl for three hours
(Kocurek et al., 2007; Mahan & Kay, 2012).

We then confirmed that these gypsum-rich aliquots (p
<2.58 g cm™, sample JB2-OSL5) yielded a luminescence
signal if measured at room temperature (RT). Three aliquots
(6 mm diameter) were bleached with both blue (100 s)
and IR LEDs (300 s) at room temperature, after which
each underwent several cycles of irradiation (27.8 Gy) and
luminescence detection with various stimulation/emission
parameters (Tables 1 and 2): BSL/UV3j3y, BSL/UVsg,
IRSL/UV330, and IRSL/blue. Luminescence decay curves
are shown in Figure 2a. Absolute signal strength and rel-
ative magnitude of the tested signals were similar for all
three aliquots. BSL/UV3gy provided the strongest signal,
with an initial magnitude of approximately 1000 counts per
0.1 s. BSL/UV33¢ was the next strongest, with a signal ap-
proximately 60 % of the BSL/ UV3gy signal, followed by
IRSL/blue (20 %). IRSL/UV33 provided by far the weak-

Figure 1. SEM image of JB2-OSL5 aliquot (p < 2.58 g cm™). Nearly all of the crystals in the view are gypsum, based on the elemental
compositions shown in (c) and crystal morphology. The spectrum shown in b) was collected at the point marked with the white star in a).
The crystal on the upper right is quartz, and no feldspars are visible. Silicon rims around many of the grains are due to the use of silicone oil

in aliquot preparation.
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SAR Step | Standard BSL PIRIR 99 Modified BSL Modified IRSL
1 B irradiation B irradiation B irradiation B irradiation
2 Preheat Preheat Pause 10000 s
260°C (5°C s™!, hold 10 s) 320°C (5°C s™!, hold 60 s)
3 IRSL (IR depletion step only) IRSL? BSL* IRSL®
50°C, 100 s 50°C, 200 s RT, 100 s stimulation | 50°C, 300 s
Signal: first 2 s Signal: first 1.5 s Signal: first 2.5 s
Background: last 50 s Background: last 30 s | Background: last 100 s
4 BSL! IRSL?
125°C, 60 s 290°C, 200 s
Signal: first 0.2 s Signal: first 2 s
Background: last 20 s Background: last 50 s
B irradiation B irradiation B irradiation B irradiation
6 Preheat Preheat Pause 10000 s
240°C (5°Cs”!, hold 10 s) 320°C (5°C s, hold 60 s)
7 BSL! IRSL? BSL* IRSL®
As above 50°C as above As above 50°C as above
8 Hot Bleach IRSL?
280°C, 100 s blue LED stimulation | 290 °C as above
9 Hot Bleach
325°C, 100 s IR LED stimulation

Table 2. Stimulation and heating parameters for regeneration protocols. Aliquots were prepared in the following sizes (left to right): 2 mm,

1 mm, 6 mm, 6 mm.

est signal, with a relative strength of only 3 %. In all cases,
a significant BSL signal could still be measured after IRSL
stimulation.

Regeneration curves were then measured for both
BSL/UV3gy (RT) and IRSL/blue combinations (50 °C, Fig-
ure 2b), using a modified SAR protocol with no preheat
(Table 2). For comparison, representative growth curves
are shown for typical quartz (BSL SAR with preheat) and
feldspar (pIRIR29p) aliquots as well. It is evident that both
gypsum regeneration curves have a higher Dy than Nefud
quartz or feldspar samples, with the IRSL/blue curve yield-
ing the highest saturation point. The highest dose given
in the laboratory was 1113 Gy, at which point the normal-
ized IRSL/blue signal was not yet saturated. The Dg cal-
culated for this aliquot was ca. 1500 Gy. Recycling ratios
for both regeneration curves were within two sigma of unity
(IRSL/blue: 1.16 4 0.10; BSL/UV3gp: 0.99 % 0.05). Recu-
peration levels were also low, being negative for IRSL/blue
detection and only 5.7 &= 0.9 % for BSL/UV3gy.

It seems probable that these signals derive primarily from
gypsum rather than quartz or feldspar inclusions. Based on
SEM results, we know that rare quartz and feldspar grains
are included in this fraction, however, no feldspar or quartz
grains were identified when aliquots were inspected under a
microscope. Of course, this cannot rule out the presence of
microscopic mineral inclusions. Yet recorded luminescence
characteristics correspond closely to those reported in the lit-
erature for natural and synthetic gypsum (Detschel & Lepper,
2009; O’Connor et al., 2011). Examination of TL measure-
ments for several aliquots from this fraction did not show

a measurable 110°C peak (i.e. an indication of the pres-
ence of quartz grains). Finally, another aliquot of the purified
gypsum fraction (p < 2.35 g cm™, sample JB2-OSL5) was
prepared, irradiated (524.4 Gy), and its luminescence signal
was measured with an EMCCD camera incorporated into a
lexsyg research at the Stockholm Luminescence Laboratory
(IRSL stimulation at 50°C, 1.9 s exposure, blue filter set).
No emission centers were detected in the resulting image,
suggesting that no feldspar inclusions are present; by com-
parison another gypsum-rich sample with suspected feldspar
inclusions was measured and multiple, bright IRSL respon-
sive grains were detected. All evidence suggests that quartz
and feldspar inclusions seem to be rare in JB2-OSL5 gyp-
sum grains. Based on grain morphology, we suspect that the
most of this sample’s gypsum crystallised within a water col-
umn and limited the presence of mineral inclusions, however,
more research is necessary to prove this.

We then tested the gypsum’s luminescence response to
typical elevated temperature BSL with preheating, as is of-
ten used for quartz luminescence dating. Two aliquots were
prepared from the purified gypsum fraction (p < 2.35 gcm™,
JB2-OSL5) and measured with a full SAR BSL protocol (Ta-
bles 1 and 2, Figure 3a). Additionally, twelve aliquots of
the primarily gypsiferous ‘heavy’ fraction (p >2.58 g cm™
JB2-OSL2) were prepared and measured with variable stim-
ulation power and integration time (50 or 100 mW cm2, 0.1 s
or 0.5 s per channel). For this second group, only the natural
signal and one regeneration dose (152.4 Gy) were measured,
with a test dose of 30.5 Gy. All aliquots shared the same
characteristics, therefore they are discussed together.
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Figure 2. Gypsum luminescence signals. A) Luminescence decay
curves recorded at room temperature with various stimulation/de-
tection combinations. B) Regeneration curves and test dose sen-
sitivity changes (inset) measured for gypsum at low temperature
(BSL/UV3g¢ at room temperature, IRSL/blue at 50 °C) compared
to typical quartz BSL/UV34q and feldspar pIRIRg( curves.

Natural signals of the gypsum-rich separates measured via
the typical BSL/UV34y quartz SAR protocol were measur-
able but insignificant. A small initial signal is present (on the
order of 150 counts per 0.1 s), but this is more than an order
of magnitude less intense than the signal from a typical pure
quartz aliquot (Figure 3a). Test doses of up to 29.8 Gy did
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not yield measurable signals (greater than 3 times the stan-
dard deviation above the background level), therefore such
aliquots would typically be rejected according to standard re-
jection criteria. Regeneration doses did produce higher sig-
nal levels (e.g. 200 counts per 0.1 s after 299.9 Gy irradia-
tion) however, no growth curve could be constructed due to
the lack of test dose signal. By contrast, the reference quartz
aliquot yields measurable test dose signals with increasing
sensitivity, a regeneration curve well fit by a saturating ex-
ponential, good recycling ratio and zero ratios, with no evi-
dence for feldspar contamination (IR depletion ratio). Based
on these characteristics, it is unlikely that the low-strength
gypsum signal will adversely affect Dg’s measured from ac-
cepted quartz aliquots. In the case that mineral separation is
very poor and only one or a very few quartz grains are in-
cluded in an aliquot, we suggest that the test dose sensitivity
change can be a useful additional rejection criterion. Evi-
dence discussed below and results from Jain et al. (2006) and
Mahan & Kay (2012) indicate that a gypsum-dominated sig-
nal will show a precipitous decrease in sensitivity after heat-
ing to such temperatures, whereas quartz usually increases
sensitivity through the SAR cycle (Jungner & Bgtter-Jensen,
1994; Murray & Wintle, 2000).

Two more aliquots were prepared from the purified
gypsum fraction (p <2.35 g cm, JB2-OSL5) and mea-
sured according to the pIRIRj9y protocol (Tables 1 and
2). Ten aliquots each from JB2-OSL2 and JB2-OSL5
(p <2.58 g cm™) were also measured via pIRIRygy. As
above, luminescence characteristics were similar for all three
sets of aliquots, therefore they are discussed together.

No signal was detected during IRSL (50 °C) stimulation
in either the natural or regenerated measurements; the sig-
nal is noisy and never greater than 50 counts per 0.4 s (Fig-
ure 3, inset). This value is less than the typical background
level of a known feldspar aliquot after 200 s stimulation.
When subjected to a subsequent IRSL stimulation at 290 °C,
however, gypsum-rich aliquots yield a detectable signal of
approximately 500-1000 counts per 0.4 s (Figure 3). The
form of this decay is quite different from a typical pIRIR g
feldspar signal, and seems to consist entirely of medium and
slow components (though no deconvolution was performed).
The pIRIR 9 signal of gypsum also differs from feldspar in
that sensitivity dramatically decreases through the SAR cy-
cle: after seven cycles the magnitude of the test dose sig-
nal may be ~10 % or less of the first test dose. High ther-
mal recuperation, between 20 % and 60 % of Ln/Tn (L= o
41.6 + 9.8 %), is also a consistent feature.

4. Conclusions

It is important to note that gypsum-rich aliquots yield
a detectable signal of approximately 500 - 1000 counts per
0.4 s when measured with IRSL stimulation at 290 °C. We
suggest, however, that pure or nearly pure luminescence sig-
nals from quartz and feldspar minerals can be detected via
the application of standard rejection criteria to BSL/UV3yg
and pIRIR»99 SAR data, respectively. Aliquots with a sig-
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nal dominated by gypsum will fail several rejection criteria,
particularly:

e detectable natural test signal greater than three sigma
above the background signal (BSL)

o test dose error less than 15—20 % of the calculated test
dose (BSL)

e calculated zero-ratio less than 5 % of Ln/Tn (pIRIR290)

Inspection of the decay curve form and test dose sensi-
tivity change should also be conducted if gypsum contami-
nation is suspected, and aliquots with significant sensitivity
decrease excluded from further consideration. It may still be
prudent to be wary of dates calculated for either quartz or
feldspar minerals extracted from a gypsiferous layer if gyp-
sum overgrowth occurs. Grain size estimates are important
for attenuation factors and the calculation of internal dose
rates for K-feldspars. Gypsum overgrowth will also inhibit
hydrofluoric acid etching of quartz, which may lead to dose
rate inaccuracies. This issue must be evaluated for each site,
however, and is outside the scope of this paper.
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