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Trapped charge characteristics in quartz are of increasing interest for their utility as
indicators of sediment provenance. These include sensitivity of optically stimulated
luminescence (OSL) and thermoluminescence (TL) signal and paramagnetic E;’ defect
centre in quartz. Up until now, these methods have largely been used independently in
provenance investigations, especially in aeolian systems. Variations in quartz OSL and TL
signal sensitivity in loess-palaeosol sequences has been linked to shifts in sediment source
corresponding to climatic fluctuations. However, the processes responsible for observed
variation in OSL and TL sensitivity in quartz, including its link to the original rock source and/
or its sedimentary history, remains a topic of contention. On the other hand, the intensity of
E+’ defect centre in quartz is known to reflect the provenance of quartz, and is also routinely
utilised as a provenance indicator in aeolian studies. In this study we aim to understand the
variations in E4 intensity and OSL (and TL) sensitivity by direct comparison of these
characteristics in fine-grained quartz from a c¢. 60 m-thick loess-palaeosol sequence in
Tajikistan. In doing so, we investigate the natural processes that may have led to variability
in trapped-charge characteristics over the ¢. 500 ky timespan covered by the sequence.
Our results suggest that apart from the inherent link to its provenance signature, the
observed luminescence sensitivity of quartz especially in loess-palacosol sequences are
largely influenced by depositional and post-depositional processes during soil formation.
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INTRODUCTION

Deposits of aeolian dust, or loess, have long been recognised as
excellent terrestrial archives of past environmental change (Liu,
1985; Kukla et al., 1988; Schaetzl et al., 2018). These deposits form
stacked sequences of primary loess and buried soils—commonly
known as loess-palaeosol sequences - that largely reflect colder,
drier, more windy phases, and more humid, warmer, less windy
periods respectively (Markovi¢ et al., 2015). Whilst in situ
evidence of past climatic conditions can be extracted from the
physical and chemical characteristics of loess sediments (e.g.,
Fitzsimmons et al., 2012 and references therein), identifying the
source of loess—its provenance—is equally valuable for
elucidating dust transport pathways, thereby providing insights
into past wind dynamics and atmospheric circulation in a region
(Ding et al., 2000; Muhs et al., 2008). A number of provenance
techniques have been applied to distinguish source change in
loess, including various isotopic (Sr, Nd; Smith et al., 2003; Rao
et al, 2006) and geochemical (major and trace elements; Sun,
2002; Buggle et al., 2008) approaches. However, these methods
are derived from bulk sediments, which can lead to indeterminate
results (Ujvari et al., 2012). The limitations of radiogenic and
elemental approaches in loess provenance studies have led to an
increased interest in targeting specific minerals, such as zircon
(Stevens et al., 2010; Fenn et al,, 2018) and quartz (Nagashima
et al., 2007; Sun et al., 2008). Provenance techniques based on
detrital zircon U-Pb ages in loess are, however, often limited by
the low concentrations of zircon grains (Fenn et al., 2018). By
contrast, quartz is ubiquitous, and its resistance to weathering
provides an excellent material for provenance analysis in loess
sediments.

In recent years, lattice defects and impurities in quartz have
been increasingly investigated as potential indicators of
sedimentary history and transport processes (Pietsch et al,
2008; Fitzsimmons, 2011; Sawakuchi et al, 2012) and
provenance (Nagashima et al, 2007; Toyoda et al, 2016;
Nagashima et al., 2017; Sawakuchi et al, 2018). A range of
characteristics are exploited for this purpose. These involve
various components of the optically stimulated luminescence
(OSL) and thermoluminescence (TL) signals (Tsukamoto
et al,, 2011; Jeong and Choi, 2012), including its sensitivity
characteristics (Zheng et al, 2009; Li and Sun, 2011;
Sawakuchi et al., 2012; Zular et al., 2015), or specific intrinsic
or impurity-related defect centres in quartz such as E;’, Al-hole
and Ti-Li centres using electron spin resonance (ESR; Nagashima
et al,, 2007; Shimada et al., 2013; Tissoux et al., 2015; Wei et al,,
2020).

Luminescence sensitivity, conventionally defined as the
luminescence emitted per unit dose per unit mass of the
sample, is an intrinsic property of the quartz crystal lattice.
The luminescence sensitivity of quartz is often linked to 1) the
thermal history of the quartz-bearing source rocks, which forms
the basis of its use as a provenance indicator (Fitzsimmons, 2011;
Sawakuchi et al., 2011); and 2) the sedimentary history of the
grain, whereby quartz is sensitised by repeated processes of
erosion, transport, storage and burial (Pietsch et al, 2008;
Fitzsimmons et al, 2010). As such, the technique shows
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promise for application in long profiles of aeolian loess.
Recent investigations of quartz OSL and TL sensitivity down
loess profiles in Tajikistan (Li and Zhou, 2021), as well as from the
Chinese loess plateau (CLP; Lii et al., 2014; Lii et al., 2021) yield
distinctions in the sensitivity of quartz between loess and
palacosol units. The variability observed within individual
profiles has been attributed to the impact of climatic
fluctuations on geomorphic processes, such as the expansion
and contraction of nearby deserts leading to sensitivity change
related to transport distance from the source (deserts) to the sink
(loess) (Lii et al., 2014); increased glacial erosion in mountain
regions during cold phases leading to increased production of low
sensitivity quartz (Lii et al., 2014); and preferential weathering of
certain rock types in response to long-term climate fluctuations,
thereby leading to availability of quartz of different origin for
loess deposition (Li and Zhou, 2021).

One of the most commonly used ESR-based quartz
provenance technique utilises the heat-treated E;” centre (or
HT-E;” centre) in combination with the crystallinity index of
quartz (Nagashima et al., 2007; Toyoda et al., 2016). This method
has been applied to distinguish between quartz from different
inland Asian desert sources (Sun et al., 2007; Sun et al., 2008) and
ocean sediment cores (Nagashima et al., 2011; Wang et al., 2020).
The use of HT-E,’ centre as a provenance indicator is based on
the premise that HT-E;” reflects the total number of oxygen
vacancies ($i=Si) in a quartz crystal and increases with rock age, a
quantity which is characteristic of the source rock (Toyoda and
Hattori, 2000; Toyoda et al., 2016). In a recent study (Dave et al.,
2022), an alternate provenance technique is proposed based on
the measurement of natural (not heat-treated) intensity of E;” and
peroxy defect centres in detrital quartz, both these parameters are
known to increase with the age of the host rock (Odom and Rink,
1989). This study was successful in differentiating loess deposits
from two different basins in Central Asia, as well as identified
temporal variations in provenance in response to climatic
fluctuations at a long loess sequence (Karamaidan) in Tajikistan.

Ultimately, the aim of sediment provenance analysis is to
identify the parent rock from which sediments are derived.
However, the process of sediment cycling is complicated by
multiple factors that affect the fate of the material from source
to sink (Weltje and von Eynatten, 2004). With this in mind, one
of the first considerations for the application of a provenance
technique lies in its sensitivity to detect changes in sediment
composition, and therefore source, at a site. In this study, we
compare two different approaches based on trapped charge
within fine-grained aeolian quartz which appear to reflect
different aspects of the sediment cycling process. The natural
E;’ signal from quartz measures a single defect type and largely
reflects the signature of the host rock (through its age: Odom and
Rink, 1989; Dave et al., 2022). By contrast, the OSL and TL signals
are more complex and may reflect either the signature of the
parent rock (through its thermal history: Fitzsimmons, 2011;
Sawakuchi et al, 2011; Sawakuchi et al, 2018), and/or its
sedimentary and transport history (Pietsch et al, 2008;
Fitzsimmons et al., 2010). Consequently, at any given point in
a sedimentary setting, the quartz OSL and TL sensitivity may
record the influence of both, and the degree of influence of either
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depends on which parameters act as a dominating factor at that
time (Fitzsimmons, 2011; Lii and Sun, 2011; Sawakuchi et al.,
2011). Recent studies based on multi-spectroscopic techniques
(Sharma, 2017), as well as laboratory-based experiments on
repeated irradiation and bleaching of natural quartz (Bartyik
et al., 2021; Li and Zhou, 2021) show that its OSL signal exhibits
preferential sensitisation, the magnitude of which may vary
depending on the quartz source. Thus, at this stage,
understanding the reasons for sensitisation of quartz remain
poorly understood. Therefore, a combined approach based on
measurement of both the natural E;” intensity and luminescence
sensitivity of the OSL and TL signals, offers an alternative
approach to interpret luminescence sensitivity data in loess
records, as well as assess the influence of depositional and
post-depositional processes in aeolian environments on
luminescence sensitivity.

MATERIALS AND METHODS

Site Setting and Sampling

The site of Karamaidan (KAR; 38° 34’ 33.47" N, 69° 16’ 40.79" E,
1,629 m a.sl) lies in the foothills of the Gissar Range, on the
northern margins of the Afghan-Tajik depression (Figure 1). The
Afghan-Tajik depression is a seismically active sedimentary
basin, the northern part of which is interrupted by a series of
north-south oriented folds and ridges (McNab et al., 2019) that
are traversed by a number of rivers arising from the glaciated Alai,
Trans-Alai and Pamir ranges. These drainage systems are
tributaries to the Amu Darya River and provides vast glacio-/
fluvial outwash plain that acts as local dust source area (Li et al.,
2019). The farther west and northwest located, Karakum and
Kyzylkum deserts, act as additional dust sources for the Afghan-
Tajik depression (Li et al., 2019). Given this setting, the margins

of this depression preserve some of the thickest loess deposits in
Eurasia, several of which represent quasi-continuous deposition
over the last million years (Forster and Heller, 1994; Dodonov
and Baiguzina, 1995). The loess deposits at KAR provide one such
palaeoclimatic archive, which is known to preserve a record of
climate change over the past 1 million years (Ma; Forster and
Heller, 1994) and thus, provides an ideal test site to investigate
long term variations in dust source and their relationship to
changing climatic conditions.

The KAR profile represents a >100m thick package of
alternating primary loess and buried soils (Forster and Heller,
1994), exposed as a result of a recent earthquake-induced
landslide. In this study we investigate a c. 56 m stratigraphic
interval from the lower part of the KAR section, comprising of six
loess and five palaeosol units, with three additional weak to
moderately developed soils observed within the primary loess
intervals (Figure 2). The relative chronology of the c. 56 m
subsection sampled for this study is described and interpreted
to span marine isotope stages (MIS) 9-19 (Dave et al., 2022),
based on the correlation of in-situ magnetic susceptibility with the
global marine isotope stack (Lisiecki and Raymo, 2005; Figure 2)
as well as the previous chronostratigraphy obtained by Forster
and Heller (1994) (Supplementary Figure S1). A description of
the stratigraphy of the subsection, magnetic susceptibility
measurements and relative chronology can be found in the
Supplementary Material S1.

Sampling at KAR was carried out by abseiling down the
exposed vertical cliff to ensure continuous down-profile
observation and sample collection. Prior to sampling, more
than 1m of the overlying sediment on the cliff-face was
removed to prevent contamination by recent displacement and
to expose undisturbed stratigraphy. We collected a total of 55
samples every 0.5-1m by hammering opaque tubes into the
cleaned and exposed vertical section.
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TABLE 1 | Protocol for luminescence sensitivity measurements from fine-grained
quartz and polymineral samples (modified after Sawakuchi et al., 2018; Li and
Zhou, 2021).

Step Protocol for quartz

OSL 125°C, Blue LED 100 s at 5°C/s

B dose = 47.5 Gy

TL 240°C, 10 s at 5°C/s

IRSL 50°C, 50 s at 5°C/s

OSL 125°C, Blue LEDs for 100 s at 5°C/s

g~ WD =

Step Protocol for polyminerals

1 OSL 125°C for 100 s at 5°C/s

2 B irradiation, given dose = 47.5 Gy

3 Preheat at 240°C for 10's

4 IRSL at 60°C for 300 s at 5°C/s

5 OSL (Blue LED) at 125°C for 100 s at 5°C/s

Luminescence Measurements
All samples were processed under subdued red-light conditions in

dedicated laboratories at the Johannes Gutenberg University and Max
Planck Institute for Chemistry in Mainz to extract fine-grained
(4-11um) quartz and polymineral grains using published
procedures (Frechen et al, 1996). Details of sample preparation,
instrumentation and luminescence sensitivity measurements are
given in the supplementary. The protocols for measurement of
OSL and TL sensitivity of fine-grained quartz and the infrared
stimulated luminescence (IRSL) and post infrared-optically
stimulated luminescence (pIR-OSL) of polymineral grains are
outlined in Table 1. Since luminescence sensitivity entails the
measurement of luminescence emitted (counts, cts) per unit dose
(Gy) per unit mass (mg), the luminescence measurements from all
aliquots were normalised to the given laboratory dose and the
corresponding aliquot mass. The sensitivity is expressed as cts/
Gy.mg and uncertainties as 10 standard deviation.

In addition, we conducted preliminary experiments to assess
the effect of repeated laboratory- irradiation and bleaching cycles
(80 cycles) on four fine-grained quartz samples from loess and
soil units respectively. The protocol for these experiments is
briefly described and outlined in Supplementary Table S1 in
the Supplementary Materials S1.

Electron Spin Resonance Measurements

ESR allows the measurement of paramagnetic (containing an
unpaired electron) species in a material. In this study we focus
on the natural intensity of two paramagnetic defect centres in fine-
grained quartz from KAR: the E;’ centre and the peroxy centre. The
measurement of these centres was carried out at Babes-Bolyai-
University in Cluj-Napoca and is reported in Dave et al. (2022). A
summarised account of sample measurement procedures and
parameters is presented in the Supplementary Materials S1.

RESULTS

Figure 2 illustrates the down-profile variations in luminescence
sensitivity of the OSL and 110°C TL (hereon referred to as TL)
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signal and E,” defect centre intensity from fine-grained quartz,
and the pIR4p-OSL, IR4, (here 60°C refers to temperature of IRSL
wash and is hereon referred to as pIR-OSL and IRSL respectively)
and the ratio [IRSL]/[pIR-OSL] from polymineral fine grains. We
observe that the quartz luminescence sensitivity of the TL and
OSL signals is higher in the palacosol horizons compared to
primary loess units, and correlates with the variability in magnetic
susceptibility (Figure 2A). In addition, Figure 3A shows the
correlation between the 110°CTL and OSL signal, which is
stronger in fine-grained quartz from soils as compared to that
extracted from loess samples. This may be a result of either a
difference in the inherent properties of quartz related to its origin
and/or to the sensitisation of quartz during its sedimentary and
depositional history. Jain et al. (2003) observed that not all
components of the OSL signal in quartz sensitise in an
identical manner, which implies that the degree of correlation
between the 110°C TL and the different OSL components may
vary between samples. Albeit at this stage, making a distinction
between the sensitisation process of the different OSL
components is not possible.

The ratio [IRSL]/[pIR-OSL] in polymineral grains has been
proposed as a proxy for weathering intensity in loess-palaeosol
sequences in the CLP (Wang and Miao, 2006). This ratio was
proposed to indicate the relative enrichment of quartz in
palaeosols due to weathering of feldspar minerals in these
units. However, it must be noted that this is a “relative
feldspar-content” driven interpretation and does not consider
the inherent sensitivity of feldspar due to source change and/or its
variation due to its sedimentary history. Our results on down-
profile variability in the pIR-OSL and IRSL signal from
polymineral fine-grains show that the pIR-OSL signal
increases in soils and decreases in loess units while the IRSL
signal does not show any apparent trend down the loess-palaeosol
section (Figure 2B). Thus, the ratio [IRSL]/[pIR-OSL] from fine-
grained polymineral samples at KAR shows a decrease within
palaeosol horizons and an increase in loess horizons (Figure 2B),
suggesting that in this case, the ratio is predominantly driven by
the strong variation of the pIR-OSL signal from the quartz
fraction as compared to the IRSL signal from the feldspar
fraction in the polymineral.

Down-profile variation in the intensity of the natural E;’ signal
of fine-grained quartz in general, indicates lower intensity in the
palaeosol units and higher values in the primary loess horizons
(Figure 2A). The variation in peroxy intensity of fine-grained
quartz with depth correlates with the variations in natural E;’
values (Supplementary Figure S2) and hence, only the E;” trend
is shown in Figure 2A. Also, the variations in E,” are more
pronounced above c. 60 m depth. While, below c. 60 m (prior to
MIS 16), the natural E;” intensity is generally lower but fluctuates
at a higher frequency and appears to be inconsistent with the
observed stratigraphy of loess and soil units (Figure 2A).
Nonetheless, the plot comparing natural E;” and peroxy
intensities in fine-grained quartz highlights the difference
between loess and soil units (Figure 3B). Additionally, a brief
look at Figures 3A, B suggests that the TL and OSL sensitivity is
higher while the E,” and peroxy intensity is lower in soils and vice
versa for loess horizons. However, the comparison of the E;
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intensity with the OSL sensitivity of fine-grained quartz in
Figure 3C does not show any correlation. Thus, the
fundamental relationship between E;’ intensity and OSL
sensitivity of quartz as yet remains elusive (Poolton et al,
2000; Schilles et al., 2001).

DISCUSSION

Climate modelling studies and down-profile grain size
variations in loess-palaeosol sequences in southern
Tajikistan suggest stronger Westerly winds during glacial
periods as compared to interglacials; thereby indicating dust
transport from distal sources during glacial periods
(Vandenberghe et al., 2006). Based on these studies, we
suggest that the low natural E;’ intensities observed at KAR
in the warmer, more humid soil units (interglacial conditions)
is linked to proximal source signature. There are also phases
within loess accumulating glacial stages, particularly during
interstadial periods which oversaw weak pedogenesis, when E;’
intensity values were also low and which likewise indicate a net
input of proximal source material (Figure 2A). At the same
time, throughout the KAR profile, natural E,” intensities, while
variable, are relatively low, which suggests that proximal
source sediments dominate the net background sediment
contribution to the site throughout its depositional history.
This observation is in tune with recent observations made by Li
etal. (2019) that propose an increased likelihood of proximally
sourced dust in loess deposits in the Tajik basin based on
elemental geochemistry data from loess and modern
meteorological analysis. Nevertheless, during glacial phases
there is a stronger shift towards quartz with higher E;’
intensities (Figure 2A), particularly above c. 60 m depth.
Below this depth the distinction between primary loess and
palaeosols based on E;” intensity is less pronounced. This is
most likely due to the presence of multiple palaeosol horizons,
low sedimentation rates, and compaction of the sediment,
which may have contributed to over-printing of the quartz
E,’ signature. Furthermore, the c. 60 m depth marker at KAR
coincides with the end of the mid-Pleistocene transition (MPT;
Clark et al., 2006), after which the Earth’s climate shifted to
lower-frequency (c. 100 kyr), higher-amplitude glacial-
interglacial cycles. The MPT transition has been observed to
manifest in other loess regions as more distinct loess-palaeosol
oscillations with higher sedimentation rates (e.g., Fitzsimmons
etal., 2012; Markovi¢ et al., 2015), which may explain the more
distinct high E,’ intensity values within the glacial loess above
c. 60 m at KAR.

The natural E;’ intensity values from fine-grained quartz
add nuance to, and raises questions about, the interpretation
derived from the OSL and TL sensitivity record at KAR.
Within the primary loess and weak palaeosol layers accreted
during the glacial and interstadial periods, OSL and TL
sensitivity remains consistently low in relation to quartz
from the more strongly developed interglacial palaeosols
with high sensitivity values (Figure 2A). The net
background input of proximally sourced material to the site,
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as proposed from the E;” results, accounts for the
comparatively constant sensitivity of the quartz OSL and TL
signal observed in the loess units at KAR. However, it is
unclear why the OSL and TL sensitivity shows minimal
variation during loess accumulating glacial periods, which is
unlike the variations shown by the E,” signal. We hypothesise
that the net OSL and TL sensitivity remains unaffected by the
source shifts recorded by the E,” during loess accumulating
(glacial) stages because E,” is a more sensitive proxy which
measures a specific defect centre in quartz, whereas
luminescence sensitivity is emitted from multiple traps as a
result of recombination in both electron and hole centres
(Aitken, 1998; Yukihara and McKeever, 2011). As a result,
the proximal signal dominates the OSL and TL sensitivity
values and masks more subtle changes due to input from a
distal source.

It is likewise unclear what caused the increase in OSL and
TL sensitivity observed during the formation of interglacial
palaeosols. We propose this to be due to depositional and post-
depositional processes associated with soil formation. Most of
these processes may be linked to factors like the effect of dose
rate from the surrounding sediment, repeated cycles of
bleaching and irradiation during extended periods of soil
formation and the possible effect of diagenesis during burial
on the sensitivity of quartz. Of these factors, firstly, previous
studies (e.g., Lt et al., 2014; Li and Zhou, 2021; Lii et al., 2021)
demonstrate no correlation between the dose rate (i.e., ionising
radiation received during burial) and OSL and TL sensitivity in
long loess-palaeosol sequences and therefore, we suggest that
downcore variability in dose rate is unlikely to explain the
observed sensitivity changes. Secondly, it is well known that
quartz is a stable mineral and least susceptible to in-situ
weathering, however not much is known about the effect of
diagenesis of quartz during burial on luminescence sensitivity.
However, we envisage that these changes (if any) are likely to
be insignificant over Quaternary timescales. This brings us to
the role of repeated cycles of bleaching and irradiation
associated with extended and intense periods of
pedogenesis, aided by reduced sedimentation rates as the
most likely factor contributing to enhanced sensitivity
values observed in soil units. Since, the sensitisation of
quartz via such a process is unlikely to be consistent, it
would also explain the high degree of scatter observed in
quartz OSL and TL sensitivity within the palaeosol horizons
as compared to primary loess (Figure 3A). Our premise is also
supported by the recent study from Li and Zhou (2021), who
observed a three-fold increase in OSL sensitivity of fine-
grained quartz from Tajik loess, after repeated laboratory
induced irradiation and bleaching cycles. Additionally, our
experiments based on limited (80 cycles) but repeated cycles of
laboratory induced irradiation and bleaching in quartz from
KAR loess, shows a 15-25% increase in OSL and TL sensitivity
(Supplementary Figure S3), which further supports our
hypothesis.

We also observe that the fine-grained quartz from the
weakly developed soil units within the loess exhibits similar
natural E;” and peroxy characteristics to quartz from the well-
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developed palaeosol units (Figure 3B), suggesting a proximal
source signature as observed during interglacial stages.
However, the same quartz from weakly developed soils
yields lower OSL and TL sensitivities similar to that
observed in loess (Figure 3A). This agrees with our premise
that repeated irradiation and bleaching cycles during soil
formation aids the sensitisation of quartz, since quartz from
weakly developed soils which represent weak pedogenesis
under higher sedimentation rate are less likely to experience
prolonged and repeated cycles of irradiation and bleaching
post-deposition and therefore, do not exhibit increased
sensitivity unlike the well-developed palaeosols.

At this stage, it must be noted from the work of previous
studies that the inherent sensitivity of quartz as well as its
preferential ability to sensitise (i.e., the degree and rate of
sensitisation) related to its origin (Sharma, 2017; Sawakuchi
et al,, 2018; Bartyik et al., 2021; Li and Zhou, 2021) are crucial
factors in dictating the OSL and TL sensitivity of quartz.
Nonetheless, during formation of loess-palaeosol sequences,
additional external factors like extended periods of irradiation
and bleaching during pedogenesis aided by the low
sedimentation rates during soil formation can lead to
sensitisation of the OSL and TL signals in quartz. This
post-depositional sensitisation of quartz in soil horizons can
overprint the inherent luminescence sensitivity characteristics
of the quartz.

CONCLUSION

This study utilises the natural E,” and peroxy characteristics of
quartz as a provenance indicator to assess the observed
variations in luminescence (OSL and TL) sensitivity down a
long loess-palaeosol sequence in Tajikistan. Previous studies
link down-profile variations in luminescence sensitivity with
climatic fluctuations that occur over glacial-interglacial
timescales (Lii et al., 2014; Li and Zhou, 2021; Lu et al,
2021). However, the cause for the observed luminescence
sensitivity variations in quartz is still debated (Lu et al.,
2014; Li and Zhou, 2021; Li et al., 2021). Our comparison
of luminescence characteristics with E;” and peroxy centres in
quartz suggest that the high OSL and TL sensitivity in the soil
horizons is likely to reflect sensitisation of quartz due to
repeated irradiation and Dbleaching cycles during
pedogenesis. At the same time, luminescence sensitivity
variations that may have otherwise occurred due to changes
in sediment source - for instance, as a result of input of some
distal material at the loess site during glacial periods, is likely
to be masked by the dominant input of proximally derived
material. Nevertheless, the OSL and TL sensitivity of quartz
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