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In provenance investigation of Quaternary sediments, quartz luminescence sensitivity
(QLS) has been employed as a technique. The weathering and influence on the earliest
signs of luminescence sensitivity of sedimentary quartz require more consideration. In this
study, the QLS properties of eight samples of Permian biotite monzogranite from a
borehole in the southern tropics of China are investigated. The degree of chemical
weathering does not correspond with the QLS values of samples that have undergone
varying degrees of in situ weathering. We hypothesize that the variation of the irradiation
field during the in situ chemical weathering process may affect the QLS, but not
considerably within 200 ka. In addition, we discovered that quartz from the same
source undergoes varying degrees of in situ chemical weathering, but has a constant
response to irradiation-bleaching cycles (IBCs). The presence of variances in the thermal
activation curves (TACs) of the same rock body indicates that further research is required
to apply TAC as a provenance indicator.
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1 INTRODUCTION

Thermoluminescence (TL) and optically stimulated luminescence (OSL) refers to light emission of
semiconductors or insulating materials which could store energy in the crystal lattice and emit light
under thermally or optically stimulated. TL and OSL have become powerful research tools in the
fields of materials (Pires et al., 2011; Kalita et al., 2019; Ike et al., 2021), geosciences (Singhvi et al.,
1982; Lai, 2006; Fuchs and Owen, 2008), and environmental and medical science (Higashimura et al.,
1963; Yukihara and McKeever, 2008) in the past two decades. A wide range of natural and artificial
materials have been used in the testing of TL and OSL. Quartz is the most prevalent mineral on the
earth’s surface and has good resistance to weathering and so it is widely used in dosimetry and
Quaternary geochronology. However, it was found that the luminescence sensitivity of quartz
changed obviously during the dating protocol, which caused an inconsistent response of quartz to
radiation dose. Although the change in luminescence sensitivity could be calibrated by a series of
well-designed dating protocols, the single aliquot regenerative dose protocols (Murray and Wintle,
2000; Murray and Wintle, 2003), the mechanism is still unclear.

Many studies aiming to calibrate this phenomenon in the laboratory have demonstrated that
variations in quartz luminescence sensitivity (QLS) are related to irradiation (Zimmerman, 1971;
Benny et al., 2000), bleaching (Li and Wintle, 1992; Zhou and Wintle, 1994) and heating (Rendell
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et al., 1994; Bøtter-Jensen et al., 1995; Armitage et al., 2000).
Extensive research shows the behaviors of quartz under
laboratory conditions, but the reasons for these behaviors are
still not clear. Meanwhile, studies focused on the effects of
sedimentary transport processes and the characterization of
source materials on the QLS have been developed. Aiming to
discover and understand the relationships between QLS and the
petrological background of quartz, studies have been undertaken
in the following areas: the age of intrusive granite (Rink, 1994),
crystallization temperature (Sawakuchi et al., 2011b), inclusions
(Chauhan and Singhvi, 2019), thermal and sedimentary history
(Preusser et al., 2006; Pietsch et al., 2008; Zheng et al., 2009;
Fitzsimmons, 2011; Sawakuchi et al., 2011a; Lü and Sun, 2017;
Sawakuchi et al., 2018; Chang and Zhou, 2019; Nian et al., 2019;
Li and Zhou, 2020; Sawakuchi et al., 2020; Bartyik et al., 2021; del
Río et al., 2021). These exploratory efforts have enhanced our
understanding of QLS and expanded its application scenarios.

Many new discoveries have also emerged while exploring the
QLS of diverse types of sediments, such as aeolian, fluvial and coastal
sediments. Different deserts of northern China exhibit discrepancies
in QLS and a decreasing trend from east to west, with one exception
of the Gurbantunggut Desert (Li et al., 2007; Zheng et al., 2009; Lü
and Sun, 2017). Vertical variations in QLS measured from loess-
paleosol sequences show a good correlation with other proxies, such
as median grain size and magnetic susceptibility, which may reflect
climate change or sediment transport dynamic changes (Lü et al.,
2014; Qiu and Zhou, 2015; Li and Zhou, 2020; Lü et al., 2020). With
an increasing distance of fluvial sediment transportation, sensitizing
QLS is observed by Pietsch et al. (2008) and Sawakuchi et al. (2011a),
but this growing trend does not always persist. Sawakuchi et al.
(2018) considered the QLS as a proxy for denudation rates in the
Amazon basin rather than a proxy for transportation distance. In
addition, studies using the thermal activation curve (TAC) of quartz
to distinguish sediment sources have shown that it appears to be
feasible (Chang and Zhou, 2019; Nian et al., 2019; Li and Zhou,
2020).

The variation and characterization of QLS in geological processes
from protoliths to sediments requires a deeper and more detailed
understanding before it can be applied to a broader range of
scenarios. As an important part of the source–sink process, the
influence of weathering or denudation on the QLS is still unclear.
Previous research (Preusser et al., 2006; Pietsch et al., 2008;
Fitzsimmons, 2011; Sawakuchi et al., 2011a; Sawakuchi et al.,
2018; Nian et al., 2019; Bartyik et al., 2021; Nelson et al., 2022)
have explored that the QLS signature will be modified during the
transport process, which could impair the reliability of the QLS as a
provenance proxy. However, their studies did not decouple the effects
of weathering or denudation from those of transport processes. In this
study, quartz extracted from the drill of southeastern China enduring
intense in situ chemical weathering was evaluated to characterize
quartz luminescence sensitivity. Additionally, the applicability of
thermal activation curve (TAC) and irradiation-bleaching cycle
(IBC) analysis in provenance tracing is discussed. This research
has implications for understanding QLS changes caused by in situ
chemical weathering, as well as evidence for determining whether
QLS sensitizing process is dominant under natural conditions.

2 GEOLOGICAL SETTING AND SAMPLE

2.1 Geological Setting
The borehole representing chemical weathering conditions is located
in the southern part of Sanming city, the subtropicalmonsoon area of
southeastern China, Fujian Province (117.448E, 26.006N). Since the
study area is located at the convergence of trade winds and westerlies,
the climate is controlled by the couplings ofmonsoon and subtropical
highs. In general, the summer (May—September) climate character
of the study area is hot and rainy, while it is warm and relatively dry in
winter (December—January). The climate data for the study site are
for the period 1981–2010 and are from the China Meteorological
Data Service Centre (data.cma.cn). The annual average temperature
in the Sanming area is 19.6°C, with extreme high temperatures
reaching 41.4°C. The average number of days with maximum
temperatures above 30°C over the years is 122.8. Precipitation is
plentiful throughout the year, with an average annual precipitation of
1,665.2 mm and a maximum continuous precipitation (day) of
444mm (15 days) over the years. In addition, the study area was
also affected by typhoons in summer. All the above conditions
resulted in a relative humidity reaching 78% in study area over
the year. In summary, the Sanming area is a typical area of intense
chemical weathering.

The study area is located in the western part of the Zhenghe-Dapu
fault zone, which belongs to the northern end of the Yongmei sag.
After the convergence of the Cathysia and Yangzi blocks as part of the
Rodinia supercontinent in the early Neoproterozoic (Li et al., 2002),
the study area gradually broke up into rift valleys or troughs during
supercontinent rifting, and formed giant thick marine deposits during
the lateNeoproterozoic to Early Paleozoic (Shu, 2012; Shu et al., 2021).
With the strong tectono-thermal events in South China during the
Silurian, the sediments were deformed and uplifted by compression.
At the same time, magmatic activity was frequent, forming a large
number of S-type granites and fewer I-type granites (Shu, 2006). The
super-thick dolomite and limestone from the Early Paleozoic until the
Early Triassic reflect a slow south-to-north transgression (Zu et al.,
2012). The study area received strong north-south extrusion during
the Indo-Chinese period leading to crustal thickening, accompanied
by large-scale magmatic activity (Zhang et al., 2009). During the
Cretaceous period, the study area was characterized by three-stage
tectono-thermal events and andesites and rhyolites caused by strong
volcanic activities (Li et al., 2014). During the Cenozoic period,
continuous subduction of the Pacific plate resulted in regional
uplift and denudation of the study area (Bureau of Geology and
Mineral Resources of Fujian Province, 1985).

In the study area the basement is covered by effusive rock strata
and sedimentary rocks formed from Paleozoic to Cenozoic. Both
strata and intrusive rocks have undergone intensive tectonic
movements, resulting in unformed and discontinuous strata. The
Quaternary strata are remnants of alluvium and floodplain,
consisting of clay, sand, gravel and rock fragments, with uneven
thickness distribution. The residual slope deposits are widely
distributed in mountains, gullies and gentle hills, while the
alluvial deposits are mainly distributed in river valleys. Small flat
Quaternary terraces, small basins connected by the Shaxi River, and
low hills constitute the main geomorphic type in the study region.
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2.2 Sample
The drill was conducted by the Fujian Exploration Institute of
Coalfield Geology, penetrated Quaternary sediments and regolith,
finished in the body of Permian greyish medium-grained biotite
monzogranite, at a depth of 18.1 m.According to the fieldwork, the
drill core was divided into 5 layers: I. human activities disturbed
layer (0~1.3 m); II. Quaternary sediments or residual soil layer
(1.3~2.9 m); III. completely weathered rock (2.9~5.6 m); IV. highly
weathered rock (5.6~10.2 m); V. moderately weathered to fresh
rock (10.2~18.1 m). To avoid human interference or sediments

from different sources, we sampled 8 weathered rocks from 3.5 to
18.0 m, and the specific positions are shown in the map on the top
left of the Figure 1.

3 METHODS

3.1 Quartz Sample Preparation
All the granite rocks were crushed and ground after washing with
distilled water. The samples for element analysis were ground into

FIGURE 1 | The top left map shows the location of Sanming in China. The topographic map on the lower left shows the exact location of the borehole in Sanming.
The DEM raster data were obtained from AW3D30 of JAXA (Takaku et al., 2020). The schematic diagram on the right shows the Sanming borehole. 1–5 in the legend
indicate different degrees of weathering.
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powder (diameters < 40 μm)without any separation. The samples
for luminescence analysis were crushed and ground, and mixed
grains between 180 and 250 μm were selected by wet sieving. The
grains were treated with 10% HCl and 30% H2O2 solutions to
remove carbonates and organic matter, and then heavy liquids of
2.62 and 2.75 g/cm3 were used to separate quartz and plagioclase
from heavy minerals and potassium feldspar (Aitken, 1998). As
quartz and plagioclase have similar densities, 40min HF etching
was used to remove the latter. Using differences in hydrodynamics,
micas were also removed from the system, preventing their
luminescence from affecting the weak luminescence of the rock
(Kortekaas and Murray, 2005). Quartz grains were checked by
using the X-Ray Diffraction (XRD) and OSL IR depletion ratio
(Duller, 2003) to qualify the purity after etching. The mass of
aliquots of adhered quartz grains was weighed with a Mettler
Toledo XPR10 microbalance with a precision of 1 μg. The average
mass on each aliquot is approximately 4–6 mg. The details of the
sample preparation protocol are described in the Supplementary
Materials.

3.2 Luminescence Analysis
3.2.1 Equipment
All luminescence measurements were conducted on a Lexsyg
Smart TL/OSL Reader at Peking University, which was equipped
with an IR laser diode (850 ± 3 nm, up to 400 mW/cm2 at the
sample position) and 5 blue LEDs filtered by 3 mm Schott GG455
glass (458 ± 10 nm, up to 100 mW/cm2 at the sample position). A
homogeneous irradiation field is provided by a specially designed
circular arranged Beta (90Sr-90Y, 1.6 GBq) source (Richter et al.,
2012). Bi-alkaline photomultiplier tubes (Hamamatsu H7360-02,
300–650 nm) with quantum efficiencies of approximately 27% at
400 nm are used for receiving signals (Richter et al., 2013).

3.2.2 Procedures of Measurements of Quartz
Luminescence Sensitivity, Irradiation-Bleaching
Cycles, and Thermal Activation Curves
The luminescence sensitivity of quartz was measured following the
procedures (Table 1). First, the aliquot was bleached enough long
(120–180 s) by blue light at 125°C to reduce the quartz signal to the
background level, and 11.25 Gy beta dose was given to the sample
after bleaching. Second, the aliquot was heated to 220°C to measure
the TL signal responding to the given dose, and the integration from
70 to 120°C of the signal was used to calculate the quartz 110°C TL
intensity. Next, infrared stimulationwas used to ensure that the signal
of feldspar inclusions would not affect the quartz OSL sensitivity.
Finally, the quartz OSL was obtained by 115 s blue stimulation at
125°C, and the signal for the initial 2 s minus the background value
was summed to represent the OSL intensity. A stimulated
temperature of 125°C reduces the probability of retrapping by
traps when electrons recombine with holes. According to the
definition of luminescence sensitivity, we used mass and given
dose to normalize quartz 110°C TL and OSL intensity as
sensitivity, respectively. Each sample was represented by five
aliquots accurately weighed on a microbalance at the 1 μg level.

The measurements of irradiation-bleaching cycles (IBCs)
are the loop of QLS measurements. To reduce the amount of
data and test time, only signals at specific loops were recorded.

The protocol for measurements for TAC was the same as that
for the QLS and is shown in Table 2. The differences between
them are the step of thermal activation before beta dose
is given.

3.3 Weathering Analysis
For the purpose of evaluating chemical weathering indices,
X-ray fluorescence (XRF) is a rapid and convenient method
for whole-rock analysis. A wavelength dispersive (WD) XRF
(Rigaku ZSX Primus II) at the State Key Laboratory of Plateau
Ecology and Agriculture was used to analyze major elements in
the whole-rock powder in the ppm to 100% range. The crushed
and ground samples mentioned in Section 3.1 were dried in a
vacuum drying chamber for 8 h at 110°C to remove moisture.
Loss on ignition (LOI) was determined by heating a 2–3 g
sample in a muffle oven at 1,050°C for 1 h and weighing
immediately after cooling in a desiccator to avoid absorption
of air moisture. Samples (3–4 g) were placed into a plastic ring
(diameter of 35 mm) without any binder and pressed into a
discoidal pallet under 400 bar for 2 min. XRF results were
output as the mass percentage of major elements adjusted by
LOI and were converted to the molar proportion to calculate the
chemical weathering indices.

The mineralogy of the whole-rock powder was determined by
X-ray diffraction (XRD) with a Rigaku D/Max 2500PC
equipment with radiation from CuKα (λ = 1.5406 Å) at 40 KV
and 200 mA. We obtained diffractograms of air-dried mounts for
a 2θ range from 3° to 70° at a scanning speed of 8°/min. Panalytical
Highscore software and crystallographic information file (CIF)
from Crystallography Open Database (Vaitkus et al., 2021) were
used to identify minerals and calculate mineral proportions by
semi-quantitative methods.

4 RESULTS

4.1 Quartz Luminescence Sensitivity
Signatures in Sanming Borehole
The quartz luminescence sensitivity variations in the Sanming
borehole, monitored by 110°C TL and OSL, did not exhibit an
obvious trend with the change in depth, as shown in Figure 2 and
Table 5. The distribution of data for 110°C TL sensitivity was
relatively concentrated, falling within the range of 141.7–99.6
counts/(Gy*mg). The OSL sensitivity values were small overall
with slight fluctuations and distributed in the range of 22.6–27.9
counts/(Gy*mg). Both the QLS of the 110°C TL and OSL showed
fluctuating patterns of variation along depth, but the former
showed a gradual increase along depth above 6.5 m. A total of 40
aliquots for all 8 samples are projected in an X-Y coordinate
systemwith OSL sensitivity and 110°C TL sensitivity as axes. As in
Figure 3A, the data points representing all the 40 aliquots are
almost clustered together and do not show clear
distinguishability.

Using the R package numOSL (Peng et al., 2013), we analyzed
the composition of the luminescence signals of eight samples with
different degrees of weathering. CW-OSL is considered to be
resolved into three components based on their decay rates (Smith
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and Rhodes, 1994), which are fast, medium and slow component.
The decay curves were fitted according to equation given below:

I(t) � I00 + I01e
−λ1t + I02e

−λ2t + I03e
−λ3t

where λ1, λ2, λ3 are the decay rate related to electron detrapping
cross-sections, and I0k (k=1,2,3) are initial luminescence signal
intensity related to the initial populations of electrons in traps

(Bluszcz and Adamiec, 2006; Zhou et al., 2010), and I00 is a
constant component and is regarded as a background signal.

Figure 4 shows the decay curve raw data and the three
components, where the sum of slow component signal and the
background signal are shown as a separate item. It can be
observed that all samples are dominated by the slow
component. After 10 s of stimulation, the samples contain

TABLE 1 | Protocol for measurements of quartz luminescence sensitivity (QLS) and sensitivity response to irradiation-bleaching cycles (IBC).

Step Procedure Observe

1 Blue light bleaching 180 s at 125°C, 50 mW/cm2 110°C TL Sn (n = 0, 1, 2, 5, 10, 15, 25)
2 Beta irradiation, 11.25 Gy
3 TL (5 K/s from 25 to 220°C, 10 s)
4 OSL IR Laser for 120 s at 25°C
5 OSL Blue LED for 115 s at 125°C, 50 mW/cm2 OSL Sn (n = 0, 1, 2, 5, 10, 15, 25)
6 Go to step 1 for next cycle

TABLE 2 | Protocol for measurements of thermal activation curves (TAC).

Step Procedure Observe

1 Blue light bleaching for 120 s at 25°C, 50 mW/cm2 110°C TL Sn (n = 0,1,2. . .)
2 Heat to T °C (Initial T = 200°C) for 60 s, 5K/s
3 Beta irradiation, ~ 11.2 Gy
4 TL (5 K/s from 25 to 220°C, 10 s)
5 OSL Blue LED for 40 s at 125°C, 50 mW/cm2 OSL Sn (n = 0,1,2. . .)
6 Go to step 1, T = T + 40°C

FIGURE 2 | The QLS changes with depth in the Sanming borehole and its relationship to different chemical weathering indices. The calculation of weathering
indices is listed in Table 4, including Loss on Ignition (LOI), Ruxton Ration (RR), Production Index (PI), Chemical Index of Alteration (CIA), and Weathering Index of Parker
(WIP). The error bar denotes the standard deviation of TL and OSL sensitivity. Please note the gap between 10 and 18 m.
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almost no fast and medium components, and the slow
components decay at a steady low rate. Figure 5 shows the
relative proportions of the three components as a function of
excitation time. We noticed that the top 4 samples of borehole
had more fast components than the bottom samples. The
percentage of “BG+Slow Component” signal (sum of slow
component and background signal) for the top 4 samples
reached 95% at 5.0 s and 90% at 1.5 s on average. In contrast,
the bottom 4 samples reached this ratio much faster, at 2.6 and
1 s, respectively.

4.2 Chemical Weathering Parameters in
Sanming Borehole
Table 3 shows the weight percentages of the major chemical
elements measured by XRF and adjusted by the LOI parameter.
From the bottom to the top of the borehole, Na2O, K2O, SiO2, and
CaO decreased upwards, while Al2O3 and iron oxides Fe2O3

increased significantly with increasing degree of weathering.
MgO, P2O5, TiO2, and MnO did not exhibit any obvious
trends with depth. LOI parameters were calculated and are
listed in Table 3, which also increases with the observed grade
of chemical weathering in field. In general, with the decreasing
depth of the borehole, soluble and mobile elements were
removed, while immobile and nonsoluble elements increased
relatively. Although the trend of the concentration of the
above elements in the borehole is obvious, there are still some
exceptional points, and the reasons for these points will be
discussed in Section 5.1.

4.3 Mineralogy Evidence of Weathering
The XRD spectra of 8 samples from the Sanming drill hole at
different depths were compared and are shown in Figure 6.
Overall, there is consistency between the 8 spectra, but there is
also variation. It can be clearly seen that the strongest peak (2θ =
26.59°) in all samples at different depths is from the quartz

FIGURE 3 | Quartz luminescence sensitivity (QLS), thermal activation curve (TAC) and irradiation-bleaching cycles (IBCs) result in Sanming borehole. (A) QLS
values of OSL sensitivity and 110°C TL sensitivity. (B) The absolute value of OSL sensitivity at different thermal activation temperatures. (C) The relative values of OSL
sensitivity in IBC (normalized by the absolute value of the respective 1st cycle). (D) The relative value of OSL sensitivity at different thermal activation temperatures
(normalized by the absolute value of 200°C).
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FIGURE 4 | The decay curves of 8 samples and the fast, medium and slow components obtained after curve deconvolution. Since the fast and medium
components decayed rapidly to zero and the slow component decayed at a constant rate, only the first 60 s of data were intercepted and plotted.
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FIGURE 5 | The fast, medium and slow components variations with the stimulation time. For an apparent presentation, the first 40 s of data were intercepted for
plotting.
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mineral, as it is the most weathering resistant mineral. The
plagioclase decreased with increasing weathering and was not
even visible in samples above 6.5 m. The peaks of mica also
gradually disappeared in the samples above 6.5 m. The
characteristic peaks of kaolinite or chlorite (2θ = 12.40°) and
illite (2θ = 19.85°) can be clearly seen in the sample at 3.5 m.

4.4 Irradiation-Bleaching Cycles and
Thermal Activation Curves in Sanming
Borehole
We assessed the IBC values of 8 samples from the Sanming
borehole, and each of them were normalized by the respective
first cycle value. As shown in Figure 3C, the 8 samples at different
depths exhibit relatively the same trend of variation. The
normalized IBC values grew gradually with the increase in the
number of cycles. After the 1st, 2nd, 5th, 10th, 15th, and 25th
cycles, the normalized IBC values of all samples did not show a
large dispersion. The normalized IBC values gradually increased
from 0.9 to 1.1 at the first cycle to 1.5–2.0 at the last cycle.
Additionally, we noticed that some samples (SM5.5) maintained a
faster increasing trend after the last cycle, while some samples
(SM3.5) remained almost unchanged.

We performed TAC experiments in the interval from 200 to
600°C, with one measurement at each temperature rise of 40°C.
The absolute values of the TAC test results are presented in
Figure 3B., showing the variations of OSL sensitivity under
thermal activation temperatures. The absolute values of TAC
of the 8 samples remained almost constant for the measurements
before 320°C. As the heating continued, the absolute values of the
samples had a faster rise and a larger difference. The 8 samples
were divided into two parts: one part reached the peak and
subsequently dropped back (SM7.5, 8.5, 18), and the other
part continued to increase (the other 5 samples). In
Figure 3D., the absolute value of OSL sensitivity is normalized
by the respective value of 200°C and the same pattern is also
found in the normalized results.

5 DISCUSSION

5.1 Quartz Luminescence Sensitivity
Constrained by Chemical Weathering
In a normal chemical weathering process under humid-warm
climate conditions, hydrolysis results in silica movement in a
profile, that is, irregular and small, while alkali and alkaline earth
metals are greatly depleted (Parker, 1970). The common principle
of weathering indices assumes that the major element distribution
in parent rock is homogeneous on a certain scale, and the initial
weathering degree is equal or the weathering starting line is the
same for the samples.

Different weathering indices have been introduced to estimate
the degree of weathering for various weathering conditions or
weathering matrix. Although more than 30 different weathering
indices were introduced, 5 indices applicable to granite, including
RR (Ruxton Ratio), PI (Product Index), CIA (Chemical Index of
Alteration), WIP (Weathering Index of Parker) and LOI, wereT
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chosen to evaluate chemical weathering intensity or extent in
quantitative rather than qualitative terms in the current
experiment. The Ruxton (1968) has been proven to be a good
index for acidic or felsic rocks, and it assumes that alumina and
other sesquioxides are immobile during weathering.WIP (Parker,
1970) is based on bond strength with oxygen and the proportion
of mobile major elements (i.e., Na, K, Mg and Ca). CIA (Nesbitt
and Young, 1982) applies the molecular ratio between immobile
and mobile major elements, reflecting the conversion of feldspars
to clays. LOI assesses weathering by calculating OHˉ ions during
the weathering process and ignoring a small amount of other
volatiles (Sueoka et al., 1985; Gupta and Rao, 2001). Tables 4, 5
summarize and express specific calculation formulas and results.

PI and RR decreased as the grade of weathering increased, LOI
and CIA increased as the grade of weathering increased, while
WIP did not show an expected tendency as shown in Figure 2. It
demonstrated a gradual decreasing weathering effect from 3.5 to
7.5 m and a nearly constant trend from 7.5 to 18.0 m. The initial
results of major elements are compatible with the phenomena
observed in the field work. BothWIP and CIA exhibited the same
variation trend with an odd point at a depth of 5.5 m, where the
potassium content was higher than that at all other points, which
caused abnormalities in the indices. In contrast, PI employ a
calculation method similar to that of CIA or WIP but does not
involve potassium, so it gradually increases with depth until it
plateaus without outliers. The LOI increased continuously with
increased weathering, representing the value of OHˉ in the
secondary mineral formation, which is the residual of weathering.

The mineralogical results show that the fresh granite of the
Sanming borehole is mainly composed of quartz, plagioclase,
alkali feldspar and biotite. With increasing weathering, feldspar
and mica chemically decomposed and transformed into hydrous

clay minerals, such as kaolinite, illite and chlorite. Our
experiments demonstrate from the mobility of chemical
elements and the transformation between minerals that
chemical weathering of the borehole is present and gradually
increases from the bottom to the top.

QLS could be affected by congenital or acquired factors, such
as crystallization (Sawakuchi et al., 2011b), inclusions (Chauhan
and Singhvi, 2019), irradiation (Zimmerman, 1971; Benny et al.,
2000), bleaching (Li and Wintle, 1992; Zhou and Wintle, 1994),
or thermal history of quartz grains. The Sanming borehole,
penetrated the weathering layer, was drilled on a
Carboniferous granitic pluton that crops out on the surface
and occupies an area of approximately 80 km2. Compared to
the large pluton, the heterogeneity of minerals in the borehole
should be ignored, and quartz grains should be considered to
have the same crystallization conditions, thermal history, and
similar composition. Moreover, in situ weathering conditions do
not allow quartz to enter the loop of irradiation-bleaching cycles
(IBCs), which have already been proven to lead to an increase in
QLS (Pietsch et al., 2008). Thus, the most likely factors affecting
QLS are 1) the variation intensity of irradiation due to the
changes in the radiation field, 2) the absorbed dose after being
shielded by water, and 3) the dissolution of the surface layer of
quartz by water. During the weathering process, the migration of
radioactive elements would change the radiation field
significantly (Jeong et al., 2007). For example, the alpha dose
rate (Gy/ka) per ppm for the natural uranium series is 2.78, and
the beta dose rate is 0.7982 Gy/ka for natural potassium at a 1%
concentration (Adamiec and Aitken, 1998; Guérin et al., 2011).
The pores and fractures of granite increase with the intensity of
weathering, providing space for water to shield quartz grains
against α, β, and γ radiation, which results in quartz gains
receiving varying radiation doses during the chemical
weathering process. Water not only protects the quartz grains
from radiation but also dissolves them. Although the dissolution
of quartz at 25°C and at neutral pH is slight (~10−14.5 to
10−15.1 mol/m2/s) (Schulz and White, 1999), it is also possible
to affect the morphology of quartz by creating etch pits and
fragmentations that may have effects on QLS. Meanwhile, the
gradual expansion of pores and fractures provides channels for
radon to escape, which decreases the subsequent radioactive
decay chain and intensity of the radiation field. Overall, the
main factors that may affect the QLS in the Sanming borehole
are fluctuations in the radiation field in the historical period,
which are caused by dissolution of quartz grains, water shielding
and migration of radioactive elements.

It is quite difficult to recover the radiation field controlled
by such complex conditions in the historical period. The
chemical weathering process may be regarded as a black-
box model combining three input variables: radiation field,
water shield, and dissolution of quartz surface. Sawakuchi
et al. (2018) considered that a longer duration of chemical
weathering increases the QLS, which accounts for the high-
sensitivity quartz in the cratonic areas of the Central Brazil
shield. In our results, the relationship between OSL sensitivity
and chemical weathering indices was not significant in the in
situ chemical weathering scenario, indicating that the OSL

FIGURE 6 |Comparison of XRD spectra of in situ chemical weathering of
eight samples from the Sanming drill hole. Bt: Biotite, Chl: Chlorite, Kln:
Kaolinite, Ilt: Illite, Qz: Quartz, Afs: Alkali feldspar, Pl: Plagioclase (Warr, 2021).
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sensitivity was less sensitive to three variables together. TL
sensitivity monitored by 110°C exhibits a trend consistent
with the intensity of chemical weathering. As the borehole is
only 18 m in depth, and we cannot speculate whether the QLS
would have remained constant if weathering had proceeded.
However, we can conclude that 110°C TL sensitivity is more
responsive to chemical weathering under the same conditions.
This can also be noticed in previous work (Lü et al., 2014; Lü
and Sun, 2017; Li and Zhou, 2020; Lü et al., 2020), where
quartz in Paleosol or Pedocomplex has a higher QLS
compared to loess, and the luminescence sensitivity of TL
is several times higher than that of OSL. The difference,
however, is that our QLS values are in the tens to hundreds
of percent of the values in the above literature. Yang and Zhou
(2019) used the uranium disequilibrium method to estimate
that the chemical weathering rate of granite is 0.038 mm/year
in the northern part of Guangdong Province, a mountain area
with weathering conditions close to Sanming. We assume that
samples above 7.5 m were weathered at the rate described
above and concluded that the QLS caused by the variate
intensity of irradiation will not change significantly in at
least 200 ka under such weathering conditions.

5.2 Irradiation-Bleaching Cycles and
Thermal Activation Curves
Changes in the luminescence sensitivity of quartz particles
during irradiation-bleaching cycles (IBCs) have been
extensively studied. Some of the studies have yielded a
good linear correlation between the increase in QLS and
the increase in the number of IBCs (Preusser et al., 2006;

Pietsch et al., 2008; Zheng et al., 2009; Chang and Zhou, 2019;
Li and Zhou, 2020; Bartyik et al., 2021). Nevertheless, several
studies demonstrated controversial phenomena in which QLS
does not increase with the number of IBCs (Fitzsimmons,
2011; Sawakuchi et al., 2018). There is insufficient evidence to
suggest that differences in IBC can be explained by differences
between weathering alone. However, the QLS of the eight
samples tended to increase gradually with the number of IBCs,
while maintaining a good consistency. This indicates that
although the quartz has undergone different grades of in-
situ chemical weathering, it maintains a consistent response to
IBC, which may facilitate the subsequent use of IBC for source
tracing or geomorphic process analysis.

The heating rate and the time held at high temperatures
together affect the shape and peak position of the TAC
(Aitken, 1985). To facilitate comparison, all the TAC data
of the current study were obtained by the same thermal
treatment. Aitken (1985) assumed that the TAC reflects
the distribution of reservoir traps (R) and luminescence
traps (L), both of which were proposed by Zimmerman
(1971). He also suggested that R traps close to the valence
band have their holes transferred to the L centers at a lower
temperature than traps that are not as close. Many studies
have taken advantage of this feature and concluded that TAC
can distinguish the source of sediments (Zheng et al., 2009;
Chang and Zhou, 2019; Nian et al., 2019; Li and Zhou, 2020).
In contrast, our study shows that the TAC of quartz differs
significantly even from that of the same rock mass, especially
in the Sanming borehole (Figure 3 and Section 4.3).
Considering the large differences between in situ
weathering residuals and sediments, we are unable to

TABLE 4 | Chemical weathering indices used in this study.

Weathering Index Formula Ideal Tendency with
Degree of Weathering

References

CIA (Chemical Index of Alteration) Al2O3/(Al2O3+ K2O+ CaO† + Na2O) × 100 Increase Nesbitt (1979), Nesbitt and Young (1982)
PI (Product index) SiO2/(SiO2 + TiO2 + Fe2O3 + FeO + Al2O3) Decrease Reiche (1943)
RR (Ruxton ratio) SiO2/Al2O3 Decrease Ruxton (1968)
WIP (Weathering Index of Parker) (CaO†/0.7 + 2Na2O/0.35 + 2K2O/0.25 + MgO/0.9) × 100 Decrease Parker (1970)
Loss on Ignition H2O (+and-) Increase Sueoka et al. (1985)

CaO†: silicate bond CaO.

TABLE 5 | Quartz luminescence sensitivity and chemical weathering indices for samples from Sanming Borehole.

Depth
(m)

OSL
Sensitivity

Standard
deviation

TL
Sensitivity

Standard
deviation

CIA PI RR WIP LOI
%

counts/(Gy*mg) counts/(Gy*mg)

3.5 24.045 4.534 141.677 18.987 0.829 65.957 2.621 0.419 9.874
4.5 22.618 2.309 123.745 2.750 0.811 66.973 2.854 0.488 6.419
5.5 23.965 2.680 116.015 12.436 0.703 75.635 3.826 0.793 4.192
6.5 25.001 2.386 105.790 7.199 0.749 80.427 5.807 0.466 4.406
7.5 27.573 7.351 134.527 15.309 0.595 85.813 9.289 0.588 1.582
8.5 24.649 2.972 105.629 7.605 0.547 85.918 10.642 0.625 1.361
9.5 24.257 2.176 117.331 9.272 0.546 87.575 10.930 0.586 0.820
18.0 27.940 1.972 99.569 8.431 0.540 86.744 10.066 0.628 0.873
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conclude the TAC characteristics of quartz from the same
rock mass after geomorphic processes such as denudation and
transport.

6 CONCLUSION

In this study, eight samples from areas of intense chemical
weathering were used to analyze the constraints of chemical
weathering processes on QLS. The quartz 110°C TL sensitivity
is more sensitive to chemical weathering relative to OSL
sensitivity, although this tendency to enhance with
chemical weathering is limited in our drilled samples. The
samples from the upper part of the borehole that experienced
stronger chemical weathering had more fast component than
the samples from the bottom, but not significantly. Using the
weathering rates of similar areas, we assumed that the QLS
does not receive obvious alterations from in situ chemical
weathering within 200 ka. We have found that quartz from the
same source undergoes different degrees of in situ chemical
weathering, but maintains a consistent response to IBC, which
may also be a beneficial tool for geomorphic analysis. The
thermal activation curve (TAC) results of the same rock mass
show large differences, shaking the reliability of TAC as a
provenance indicator. However, considering the differences
between sediments and in situ weathering residuals, the
reliability of TAC as a provenance indicator needs
further study.
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