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Highlights 20 

- The OSL and TL properties of quartz from rocks and sediments were characterized 21 

- Quartz from longer-transported sediments has higher OSL and TL sensitivities 22 

- Higher OSL sensitivity implies dose response curves with lower characteristic dose 23 

- Trap parameters of medium and low sensitivity quartz suggest to non-fast components 24 

 25 

Abstract 26 

We investigated the optically stimulated luminescence (OSL) and thermoluminescence (TL) 27 

characteristics of quartz from sediments and parent rocks across South America. OSL and TL 28 
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sensitivities were compared with the characteristic dose of dose response curves. Additionally, 29 

we estimated electron trap parameters of quartz from sediments with contrasting OSL 30 

sensitivities. Our results show that the natural sensitivities of quartz OSL (initial 0.8 s) and TL 31 

(110° C peak) are positively correlated and range in six and four orders of magnitude 32 

respectively. The corresponding characteristic doses range from around 30 Gy to 3000 Gy for 33 

dose response curves described by single exponential function. Quartz from igneous and 34 

metamorphic rocks and Andean short-transported sediments report low-sensitivity OSL and 35 

high characteristic dose. The studied initial OSL signal has significant contribution of medium 36 

and slow components in quartz from rocks and Andean short-transported sediments, while in 37 

quartz from Brazilian long-transported sediments, the initial OSL signal is dominated by the fast 38 

component. The trend of sensitivity increase and characteristic dose decrease is attributed to the 39 

relative contribution of medium and low components to the initial OSL emission. Regarding the 40 

electron trap parameters, high, medium and low sensitivity quartz has statistically similar values 41 

of the activation energy and the frequency factor, but both parameters have larger variations in 42 

medium and low sensitivity quartz. 43 

 44 

Key words 45 

Quartz, sensitivity, thermoluminescence, optically stimulated luminescence, characteristic dose. 46 

 47 

1. Introduction 48 

The optically stimulated luminescence (OSL) of quartz has been successfully used to 49 

determine sediment burial ages (Murray and Wintle, 2000; Wintle and Adamiec, 2017) and to 50 

track sediment sources areas (Zular et al., 2015; Sawakuchi et al., 2018). The OSL sensitivity 51 

(light intensity per unit mass per unit radiation dose) and the characteristic dose (that 52 

characterizes how rapidly the signal reaches saturation) of dose response curves are important 53 

properties for sediment dating. Besides sediment dating, a growing number of studies have used 54 

OSL properties of quartz for sediment tracer and provenance analysis (Gray et al., 2019). In this 55 

context, the OSL sensitivity of quartz grains varies by several orders of magnitude (Moska and 56 
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Murray, 2006; Pietsch et al., 2008; Sawakuchi et al., 2011) and can be used to track sediments 57 

from different source areas (e.g. Sawakuchi et al., 2018). Pietsch et al. (2008) proposed that 58 

repeated cycles of irradiation and bleaching that occur during sediment transport result in 59 

increased OSL sensitivity of the quartz grains. Sawakuchi et al. (2018) observed a negative 60 

correlation between the OSL sensitivity of quartz and denudation rates in sediment source areas, 61 

suggesting that the OSL sensitization depends on the near-surface residence time of quartz 62 

grains. Chithambo et al. (2007) showed a relationship between the variation of OSL sensitivity 63 

and luminescence lifetimes, suggesting a possible link between the recombination process and 64 

the OSL sensitivity. Niyonzima et al. (2020) described a positive correlation between OSL and 65 

radiofluorescence sensitivities, pointing that changes in recombination processes have an 66 

important influence on OSL sensitization. In the same way as OSL sensitivity, the 67 

thermoluminescence (TL) sensitivity of quartz has been successfully used for sediment 68 

provenance analysis (e.g. Zular et al., 2015; Mendes et al., 2019), but further studies are needed 69 

to understand the variation of TL sensitivity in sediments. 70 

The relationship between normalized OSL intensity (I) and dose (D) may be described by a 71 

single exponential function (Equation 1), where I0 is the maximum normalized OSL intensity 72 

and D0 (Gy) is the characteristic dose. According to Wintle and Murray (2006), 2D0  (dose value 73 

at which the OSL signal reaches 85% of the maximum intensity) is the recommended upper 74 

limit for sediment dating since from this dose any uncertainty in corrected natural signal implies 75 

a higher asymmetric and uncertainty in the measured dose (De) due to low slope in dose 76 

response curve. 77 

  ( )    (     (   ⁄ ))                                                             (1) 78 

Similarly to the OSL sensitivity, the characteristic dose vary substantially across quartz 79 

samples from different geographic and geological settings (e.g. Wintle and Murray, 2006), as 80 

well as among grains within samples, also showing significant intra-sample variability (e.g. 81 

Duller, 2012; Thomsen et al., 2016). Characteristic doses of dose response curves built using 82 

OSL signals dominated by the fast component of multiple-grain quartz aliquots usually range 83 

from 50 to 100 Gy (e.g. Wintle and Murray, 2006; Wintle, 2008). This dose range limits quartz 84 
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OSL dating to ages about 200 ka, assuming dose rates of 1-1.5 Gy/ka in sandy sediments 85 

(Wintle and Murray, 2006). However, Yoshida et al. (2000) and Arnold et al. (2016) have 86 

reported individual quartz ‘supergrains’ that show characteristic doses from 200 to 600 Gy. 87 

Despite previous studies reporting that the OSL sensitivity and characteristic dose of quartz 88 

sediment grains show large variation, the relationship of these properties among quartz grains 89 

from different geological contexts has been poorly investigated so far. In this study, the 90 

characteristic dose and the OSL sensitivity of quartz from sediment and rock samples of 91 

different geological settings in South America are studied in order to understand their variations 92 

in nature. The TL110
o

C peak of quartz (Murray and Roberts, 1998) is also investigated to 93 

evaluate whether its natural sensitivity is correlated with the OSL sensitivity. Additionally, OSL 94 

trap parameters, namely the activation energy E (eV) and the frequency factor s (s
-1

) (e.g., Jain 95 

et al., 2003a; Bailey, 2004), were characterized for quartz samples with different OSL 96 

sensitivities. This issue is also relevant because prior studies about OSL trap parameters (e.g. 97 

Jain et al., 2003a; Bailey, 2004) have mainly focused on quartz from geological settings in 98 

Europe, North America, Australia and Asia. In this study, the rock samples include Cenozoic 99 

volcanic and metamorphic rocks outcropping in active tectonic mountain ranges and 100 

Neoproterozoic granites and Paleozoic hydrothermal veins exposed in stable cratonic areas. The 101 

sediment samples range from sedimentary systems in the Andes, which have a relatively short 102 

sedimentary history (Cenozoic) compared to samples from cratonic areas in Brazil, which have 103 

experienced several sedimentary cycles since the Paleozoic. Location and detailed geological 104 

information about the studied samples are presented in Figure 1 and Table 1. 105 

 106 

2. Materials and methods 107 

2.1. Studied samples 108 

Igneous (granite, rhyolite and hydrothermal vein) and metamorphic rocks (blue schist) 109 

representing different conditions of quartz crystallization and sediment samples of distinct 110 

depositional environments (coastal, fluvial and alluvial fan) from South American sites were 111 

selected for luminescence analysis of quartz (Figure 1 and Table 1). The only exception is the 112 
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quartz sample from rhyolite, which was collected in North America. These sediment samples 113 

were studied previously for OSL dating, with their equivalent doses presented in the 114 

supplementary material (Table S1). The studied quartz crystals samples were taken from parent 115 

Cenozoic metamorphic rocks of the Chilean Andes (BS223), volcanic rocks of the Valles 116 

Caldera (LA1) in Los Alamos (New Mexico, USA), hydrothermal veins hosted in Permian 117 

sedimentary rocks of the Paraná Basin (IP22) and Neoproterozoic granites of the Ribeira Fold 118 

Belt (VR12 and ITA1) in southeast Brazil. More detailed descriptions of formation conditions 119 

of the studied rock samples are presented in Sawakuchi et al. (2011). The sediment sample 120 

L0674 was collected in an alluvial fan from the southern Andes in Chile while the other 121 

sediment samples (L0001, L0017, L0698, L0229, L0231 and L0688) were collected in sites 122 

from northern to southern Brazil (Table 1). The sediment sample from the Andes has quartz 123 

sourced from parent rocks during the late Cenozoic. Thus, it has a short sedimentary history 124 

compared to the sediment samples from Brazil, which were sourced from ancient Paleozoic to 125 

Cenozoic sedimentary rocks or experienced long-distance transport (10
3
 km) from their primary 126 

source areas. 127 

Sediments samples were wet sieved to isolate the 180-250 µm grain size fraction. Then, the 128 

samples were submitted to a treatment with H2O2 and HCl (10%) to remove organic matter and 129 

carbonate minerals, respectively. Quartz separation involved lithium metatungstate solution 130 

(LMT) to separate light minerals from heavy minerals (LMT = 2.85 g/cm
3
) and to separate 131 

quartz from feldspar grains (LMT = 2.62 g/cm
3
). After this step, quartz concentrates were 132 

submitted to a treatment with 38% HF for 40 min to remove the external layer of quartz grains 133 

and remnant feldspar grains. After the chemical treatments, which reduce quartz grain size, 134 

samples were sieved again to separate grains in the 180-250 µm size interval. Samples of quartz 135 

parent rocks were crushed and prepared with the same steps used to isolate quartz grains in 136 

sediment samples, but heavy mineral separation was done with CHBr3 (ρ = 2.85 g/cm
3
). Quartz 137 

concentrates were mounted in stainless steel discs using silicone oil to evaluate feldspar 138 

contamination using infrared (IR) stimulation at 60° C in a Risø TL/OSL DA-20 reader. 139 
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Samples yielding an IR signal were treated with additional treatments of 5% HF for 24 hours 140 

until complete absence of any IR signal. 141 

 142 

 143 

Figure 1. Location of the studied parent rock (red stars, BS223, IP22, VR12, LA1 and ITA1) 144 

and sediment samples (yellow stars, L0001, L0017, L0229, L0231, L0674, L0688 and L0698).  145 

 146 

 Code Type 

Conditions of 

crystallization (rocks) 

or deposition 

(sediments) 

Age of 

crystallization 

(rocks) or 

deposition 

(sediments) 

Location 

Rocks 

VR12 Granite 
Plutonic (610-665°C, 

3-12 kbar)
a
 

Neoproterozoic 

Ribeira fold belt, 

Guaraú massif, 

(Cajati, São Paulo, 

Brazil) 

ITA1 Granite 
Plutonic (610-665°C, 

3-12 kbar)
a
 

Neoproterozoic 

Ribeira fold belt, 

Itacoatiara massif 

(Niterói, Rio de 

Janeiro, Brazil) 

LA1 Rhyolite 
Volcanic (700-850°C, 

< 2 kbar)
b
 

Pleistocene 
Valles Caldera, Los 

Alamos (New 
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Mexico, USA) 

IP22 
Hydrothermal 

vein 

Hydrothermal 

(<300
o
C)

c
 

Permian 

Teresina Formation, 

Paraná sedimentary 

basin (Anhembi, São 

Paulo, Brazil) 

BS223 Blue schist Blue schist grade Cenozoic 

Andes mountain belt 

(Diego Del Almagro, 

Chile) 

Sediments 

L0001 Coastal sand 

Sand barrier in wave-

dominated coastal 

system. Long 

transport under wet 

climate. 

Pleistocene 
South Atlantic coast 

(Southern Brazil) 

L0017 Fluvial sand 

Terrace of 

contributary fluvial 

system. Medium to 

long transport under 

wet climate. 

Pleistocene 
Central Amazon 

(Northern Brazil) 

L0698 Fluvial sand 

Sand bar of 

contributary fluvial 

system. Medium to 

long transport under 

wet climate. 

Holocene 
Western Amazon 

(Northern Brazil) 

L0229 Fluvial sand 

Terrace of 

distributary fluvial 

system. Long 

transport under wet 

climate. 

Pleistocene 
Pantanal wetland 

(Western Brazil) 

L0231 Fluvial sand 

Sand bar of 

distributary fluvial 

system. Long 

transport under wet 

climate. 

Holocene 
Pantanal wetland 

(Western Brazil) 

L0688 Fluvial sand 

Terrace of 

contributary fluvial 

system. Long 

transport under wet 

climate. 

Holocene 
Paraná river basin 

(Southeastern Brazil) 

L0674 Alluvial sand 

Alluvial fan system. 

Short transport under 

arid climate. 

Pleistocene 

Andean coast, 

Atacama, Mejillones 

Peninsula (Chile) 

Table 1. Characteristics and geological setting of the studied rock and sediment samples. 147 

a
 Temperature estimates for melting of muscovite-granites in the presence of water (Huang and 148 

Wyllie, 1973) and maximum pressure estimates for the high-grade host rocks (amphibolite 149 

grade schists). 150 

b 
Temperature and pressure estimates for the Bandelier Tuff (Warshaw and Smith, 1988). 151 
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c 
Maximum temperature estimated for diagenesis and/or hydrothermalism in the Teresina 152 

Formation (Nomura et al., 2014).
  153 

 154 

2.2. Luminescence measurements 155 

The luminescence measurements were performed on two Risø TL/OSL DA-20 readers 156 

(Bøtter-Jensen et al., 2002) at the Luminescence and Gamma Spectrometry Laboratory of the 157 

Institute of Geosciences, University of São Paulo, Brazil. The readers are equipped with beta 158 

radiation sources (
90

Sr/
90

Y) with dose rates of 0.132 Gy/s and 0.077 Gy/s, blue (470 nm, 80 mW 159 

cm
-2

) and infrared (870 nm, 145 mW cm
-2

) LEDs for stimulation and Hoya U-340 filters for 160 

light detection in the ultraviolet band (200-400 nm). 161 

Aliquots of quartz grains were mounted in stainless steel discs using an acrylic plate with a 162 

microhole (1470 μm diameter per 1860 μm depth) for volume and mass standardization. Each 163 

aliquot comprised approximately 4 mm with 150 to 200 sand grains and average mass of 8.1 ± 164 

0.9 mg (Sawakuchi et al., 2018). Luminescence measurements for calculation of OSL and TL 165 

sensitivities were performed according to the protocol (Table 2) used in Sawakuchi et al. (2018) 166 

for provenance analysis. TL sensitivity was determined using the emission of the TL110°C peak 167 

(integration limits from 75 to 125
° 
C) normalized by dose. The OSL sensitivity corresponds to 168 

the counts of the initial 0.8 s of light emission, minus the same interval from the background 169 

decay curve, normalized by dose. The given dose was 10 Gy so that the OSL sensitivity was 170 

calculated for the linear region of the dose response curves, avoiding any influence of signal 171 

saturation and allowing more uniform comparisons among samples. 172 

Dose response curves were built following the single-aliquot regenerative dose (SAR) 173 

protocol for dating proposed by Murray and Wintle (2003) (Table 2), using the integral of the 174 

first 0.8 s of the OSL decay curves and an early background approach subtracting the integral of 175 

the next 1.7 s as background. 176 

The SAR sequence applied to the studied quartz samples included rejection criteria based on 177 

recycling ratio (1.0±0.1), recuperation (< 5%) and IR depletion tests to ensure that all quartz 178 

aliquots have reliable dosimetric behavior (i.e. sensitivity changes corrected properly, 179 
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insignificant recuperation and no signals with IR stimulation). Dose response curves were 180 

obtained for five to six aliquots per sediment sample. Dose response curves from rock samples 181 

IP22, ITA1, BS223, LA01 and VR13 were obtained for one, two, three, four and five aliquots 182 

per sample, respectively. The characteristic doses (D0) and their uncertainties were determined 183 

using a single exponential function (Equation 1). We highlight that the OSL and TL sensitivities 184 

and characteristic doses are derived from measurements made on the same aliquots (Table 2). 185 

Considering that dose responses curves are well fitted by a sum of exponentials function 186 

(Equation 2) at high doses (Murray et al., 2007; Timar-Gabor et al., 2012), we also performed 187 

the fitting by sum of exponentials (Equation 2), yielding two characteristic doses D01 and D02 188 

(and their uncertainties), although this fitting function may not necessarily reflect physical 189 

processes (Timar-Gabor et al., 2012), it was performed for samples comparison purposes, 190 

allowing to check if the behavior between characteristic doses (sum of exponentials) and OSL 191 

sensitivity is similar to the behavior obtained by a single exponential function. 192 

  ( )     (     (    ⁄ ))      (     (    ⁄ ))                                    (2) 193 

Linear Modulated OSL (LM-OSL) curves were acquired to show the relative contribution of 194 

fast, medium and slow OSL components for the total OSL signal of the studied quartz samples. 195 

LM-OSL measurements (Table 2) were made with three aliquots per sample. The LM-OSL 196 

curves were fitted and deconvoluted following procedures as described in Bulur (1996). 197 

Sediment samples with low (L0674), medium (L0698) and high (L0229) OSL sensitivities 198 

were selected for measurements of OSL trap parameters through isothermal storage experiments 199 

(Guralnik et al., 2015b) (Table 2). This experiment was carried out with four aliquots per 200 

sample. All aliquots were tested with IR stimulation to confirm the signal absence. In the 201 

isothermal storage experiments, the OSL signal was calculated using the integral of the initial 202 

0.8 s of the OSL decay curves subtracting an early background (integral of next 1.76 s). The 203 

OSL signal corrected by the signal of a test dose was normalized by an OSL signal measured 204 

without isothermal storage. OSL trap parameters (E and s) were calculated according to the 205 

general order kinetics model (GOK, Equation 3) and Gaussian trap depth model (Equation 4) 206 

(Huntley et al., 1996, Faershtein et al., 2018 and Lambert et al., under review). 207 
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       [         (    ⁄ ) ]   ⁄                                                      (3) 208 

       ∫    [ (
    

√   
)
 

]     [         (     ⁄ )]
 

 
                                (4) 209 

Where Lmax is the initial light sum, t (s) is holding time, k is Boltzmann’s constant, and T (K) 210 

is temperature, c>0 is related to kinetic order and σE>0 is the Gaussian width of the trap’s 211 

activation energy (Guralnik et al., 2015b; Lambert et al., under review; Faershtein et al., 2018). 212 

 213 

Step OSL and TL 

sensitivities 
a
 

Dose response curves 

for D0 determination 
LM-OSL curves Isothermal storage 

a
 

1 

Bleach with blue 

LEDs at 125° C 

for 100 s 

Dose (Di: 10, 15, 30, 

60, 125, 250, 500 and 

1000 Gy) 

Bleach with blue 

LEDs at 125°C  for 

100 s 

Dose: 50 Gy 

2 Dose: 10 Gy 
Pre-heat at 200°C for 

10s 
Dose: 200 Gy 

Pre-heat at 200° C 

for 10s 

3 

TL up to 190°C 

(5°C/s) (110
o
C TL 

sensitivity) 

Blue stimulation at 

125°C for 40 s (Li) 

TL up to 200° C 

(2°C/s) 

TL up to Tempi 

(°C), hold for tj (s) 

(5°C/s) 

4 

Blue stimulation at 

125°C for 100 s 

(OSL sensitivity) 

Test dose (Dt: 50 Gy) 

LM-OSL at 125° C 

(2°C/s) for 5000 s 

(ramp from 0 to 

90% power) 

OSL at 125° C for 

40 s (Ln=ij) 

5 

Blue stimulation at 

125°C for 100 s 

(background) 

Pre-heat at 160°C  
Test dose (Dt: 12.5 

Gy) 

6  
Blue stimulation at 

125°C for 40 s (Ti) 
 Pre-heat at 160° C 

7  
Blue bleach at 280°C 

for 40 s 
 

OSL at 125°C for 40 

s (Tn=ij) 

8    
Blue bleach at 280° 

C for 40s 

Table 2. Measurements protocols applied to determine OSL and TL sensitivities, characteristics 214 

doses (D0) and LM-OSL curves and to perform isothermal storage experiments used for 215 

calculation of OSL trap parameters. 216 

a 
Omitted the first SAR-cycle to measure natural corrected signal 217 

If, i = 200°C: j = 20, 50, 100, 200, 500, 1000, 2000, 5000, 10000 and 20000 s; 218 

     i = 220°C: j = 20, 50, 100, 200, 500, 1000, 2000, 5000 and 10000 s; 219 

     i = 240°C: j = 20, 50, 80, 100, 200, 500, 1000, 2000 and 5000 s. 220 

 221 

3. Results 222 

3.1. TL and OSL sensitivities versus characteristic doses 223 
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Dose response curves of sediments, except the alluvial sand from Chile (L0674), and of the 224 

hydrothermal vein (IP22), granite (VR12) and rhyolite (LA1) rock samples were built in order 225 

to reach OSL signal saturation (Figure 2). However, the dose response curves of the alluvial 226 

sand (L0674), blue schist (BS223) and granite (ITA1) samples did not reach OSL signal 227 

saturation until 1000 Gy (Figure 2). Figure 3 shows the OSL decay and dose response curves for 228 

high and low OSL sensitivity quartz samples. High OSL sensitivity quartz from Southeastern 229 

Brazil fluvial sand (L0688) has an average OSL sensitivity of around 9 x 10
4
 counts/Gy while 230 

the low OSL sensitivity quartz from Chilean coast alluvial sand (L0674) has an average 231 

sensitivity of 1.7 x 10
1
 counts/Gy (mass is ignored since all aliquots contain a similar number of 232 

grains in the same grain size interval). Quartz with high OSL sensitivity, such as sample L0688 233 

(Figure 3a), has dose response curves that can be well described by (comparing the reduced chi-234 

squared, Table S2) a sum of two exponentials function (Figure 3b, D01 = 15 Gy and D02 = 134 235 

Gy). However, quartz aliquots from rock samples (LA1, VR12, BS223, ITA1) and sediment 236 

from Chilean coast (L0674) have low OSL sensitivity (Figure 3c) and their dose response 237 

curves are better described by a single saturating exponential function (Figure 3d). The low 238 

OSL sensitivity quartz from Chilean coast (alluvial sand, sample L0674) present a relatively 239 

higher characteristic dose (D0) of around 414 Gy.  240 

 241 

Figure 2.  Dose response curves of quartz from (a) sediments and (b) rocks. Given doses: 10, 15, 242 

30, 60, 125, 250, 500 and 1000 Gy. In (a) the alluvial sand (L0674) and in (b) the blue schist 243 

(BS223) and granite (ITA1), quartz aliquots did not reach OSL signal saturation until 1000 Gy. 244 
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 245 

Figure 3. OSL decay curve (a, given dose of 10 Gy) and dose response curve (b, sum of two 246 

exponentials) of quartz from Southeastern Brazil fluvial sand (sample L0688). OSL decay curve 247 

(c, given dose of 50 Gy) and dose response curve (d, single exponential) of quartz from Chilean 248 

coast alluvial sand (sample L0674). 249 

 250 

OSL sensitivity (Figure 4a) varies by six orders of magnitude among the studied samples, 251 

from 10
-1

-10
1
 counts/Gy in quartz from rocks to 10

3
-10

5
 counts/Gy in quartz from sediments, 252 

with the exception of quartz from alluvial sand of the Chilean coast (L0674), which shows 253 

sensitivity similar to quartz from the studied igneous and metamorphic rocks. The quartz 254 

samples from the granite (ITA1) and hydrothermal vein (IP22) have the lowest OSL sensitivity 255 

while the fluvial sand from Southeastern Brazil (L0688) has the highest OSL sensitivity (Figure 256 

4a). The TL sensitivity (Figure 4b) also has large differences between quartz from rocks and 257 

sediments, varying over four orders of magnitude, from 10
2
 counts/Gy to 10

5
 counts/Gy (as with 258 

the OSL sensitivity, mass is ignored since all aliquots contain a similar number of grains in the 259 

same grain size interval). The quartz sample from the hydrothermal vein (IP22) has the lowest 260 
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TL sensitivity and the fluvial sand from Southeastern Brazil (L0688) has the highest TL 261 

sensitivity (Figure 4b). Thus, the TL and OSL sensitivities show a similar pattern of variation, 262 

with quartz from rocks and from short-transported sediment sample (L0674) showing low TL 263 

sensitivity (10
2
-10

3
 counts/Gy) compared to quartz from long-transported fluvial sediments 264 

(10
4
-10

5
 counts/Gy). 265 

The reduced chi-squared values (Table S2) indicate that dose response curves of sediment 266 

samples, except the alluvial sand from Chile, are better fitted by sum of exponentials function 267 

compared to single exponential function. Despite the higher uncertainty, the characteristic doses 268 

derived from single saturating exponential function show consistent differences among the 269 

studied samples. Characteristic doses (Figure 4) obtained by this fitting vary over three orders of 270 

magnitude, from 31 Gy in the granite sample from Southeastern Brazil (VR12) to 3520 Gy in 271 

the blue schist sample from Chilean Andes (BS223). Quartz from granite (ITA1), blue schist 272 

(BS223) and alluvial sand (L0674) have higher characteristic doses compared to another 273 

samples (Figure 4). Quartz from the blue schist sample (BS223) stands out due to its large 274 

variability in characteristic dose, with values ranging from 960 to 3520 Gy across different 275 

aliquots. Smaller variation in characteristic dose is observed in quartz from sediments (Figure 276 

4), despite the lower fitting quality of dose response curves. A comparison between variation of 277 

OSL sensitivity and level of saturation (I0) of dose response curves (single saturating 278 

exponential function) is presented in the supplementary material (Figure S1). 279 

 280 
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Figure 4. Comparison between OSL (a) or TL (b) sensitivities and characteristic dose (D0) 281 

determined by fitting of single saturating exponential function. 282 

 283 

The dose response curves that reached the saturation were well described by a sum of 284 

exponentials function (Equation 2). The characteristic dose of the first exponential (D01) varies 285 

from 14 Gy to 66 Gy (sample L0688) (Figure 5a) while the characteristic dose of the second 286 

exponential (D02) varies from 121 Gy (sample L0688, fluvial sand from Southeastern Brazil) to 287 

644 Gy (sample IP22, hydrothermal quartz) (Figure 5b). Dose response curves of quartz from 288 

samples ITA1 (granite), LA1 (rhyolite), BS223 (blue schist) and L0674 (alluvial sand from 289 

Chilean coast) cannot be fitted by a sum of exponential function and their characteristics doses 290 

were evaluated only for a single exponential function. All results about values of the parameters 291 

obtained by a single saturating exponential and by a sum of exponentials functions and quality 292 

of fits are presented in the supplementary material (Table S2). 293 

 294 

Figure 5. Comparison between characteristic doses (D01 and D02) determined by sum of 295 

exponentials function and OSL sensitivity measured in aliquots of quartz from rocks and 296 

sediments. 297 

 298 

Our data show that quartz with higher luminescence sensitivity has a lower average 299 

characteristic dose, a trend observed both for dose response curves described by a single 300 

saturating exponential (Figure 4) and by a sum of exponentials (Figure 5) functions. 301 
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Additionally, low sensitivity quartz from igneous and metamorphic rocks and from alluvial 302 

sands of the Chilean coast presents higher variability of characteristic dose. Quartz with OSL 303 

sensitivity higher than 10
4
 counts/Gy has a characteristic dose lower than 100 Gy (single 304 

saturating exponential), whereas quartz with characteristic dose higher than 200 Gy (single 305 

saturating exponential) has OSL sensitivity less than 10² counts/Gy (Figure 4a). Considering the 306 

sum of exponentials function, quartz with low sensitivity (hydrothermal vein) has a higher 307 

characteristic dose (D02 = 650 Gy). However, with respect the first exponential, the 308 

characteristic dose of quartz from the hydrothermal vein is similar to the average characteristic 309 

dose (D01 ~ 45 Gy) of the fluvial sand from northern Brazil (medium sensitivity, L0698). The 310 

behavior between OSL sensitivity and characteristic dose is similar to the found in the 311 

comparison between TL sensitivity and characteristic dose (Figure 4b), so that the OSL and TL 312 

sensitivities have a positive correlation (Figure S2), as reported in previous studies (e.g. Bailey, 313 

2001). 314 

LM-OSL curves show that quartz grains from the long-transported fluvial sediment sample 315 

(L0229) and from the medium to long-transported fluvial sediment sample (L0017) respectively 316 

have high emission peaks of over 10
4
 counts s

-1
 and 10³ counts s

-1
 in the stimulation interval 317 

between 10 and 100 s (Figure 6). In comparison, quartz from the short-transported Chilean 318 

sediment (sample L0764) and from blue schist (sample BS223) have a low emission peak of 319 

around 10² counts s
-1

 in the stimulation interval between 10 and 100 s (Figure 6). These three 320 

sediment samples represent quartz with high, medium and low OSL sensitivity, respectively. 321 

LM-OSL curve deconvolution results in four, five or six OSL components for the studied 322 

sediment samples, except for the Chilean sediment (sample L0674) that presents two 323 

components. LM-OSL curves of quartz from igneous and metamorphic rock samples have three 324 

or five components. Photoionization cross-sections (σ) values of the more rapidly decaying 325 

component observed in quartz from sediment samples are in the range of 10
−17

 cm
2
. This 326 

photoionization cross-sections value is associated to the OSL fast component. The exception is 327 

quartz from the Chilean sediment sample (L0674), which has σ values in the range of 10
−18

 cm
2
, 328 

similar to values of quartz from the rhyolite (sample LA1) and granite (VR12). However, this 329 
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photoionization cross-sections value is associated to the OSL medium component, indicating 330 

the absence of the OSL fast component in this samples. Two quartz aliquots from the blue schist 331 

sample (BS223) yielded σ values of 10
−18

 cm
2
 and 10

−17
 cm

2
. LM-OSL curves of all studied 332 

samples and results of photoionization cross-sections are presented in the supplementary 333 

material (Figures S3, S4 and Table S3). 334 

 335 

 336 

Figure 6. LM-OSL curves of samples L0229 (long-transported fluvial sand), L0017 (medium to 337 

long-transported fluvial sand) and L0674 (short-transported alluvial sand), which represent 338 

quartz with high, medium and low OSL sensitivity. LM-OSL curve of low sensitivity quartz 339 

from rocks is exemplified by sample BS223 (blue schist). 340 

 341 

3.2. OSL trap parameters 342 

OSL trap parameters E (eV) and s (s
-1

) were calculated for quartz aliquots from fluvial 343 

(L0229 and L0698) and alluvial (L0674) samples, which represent quartz with respectively 344 

high, medium and low OSL and TL sensitivities. Although it is important to note that the results 345 

in Section 3.1 indicates the absence of the OSL fast component in the Chilean sediment 346 

(L0674). The corrected signal was plotted as a function of the isothermal storage time (Figure 7) 347 

for temperatures of 200°C (blue line), 220°C (green line) and 240°C (red line). We considered 348 

GOK (Figure 7, upper panels) and Gaussian distribution (Figure 7, lower panels) models of trap 349 
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energy for calculation of OSL trap parameters (Equations 3 and 4). A first order kinetics 350 

behavior is suggested (β → 1 and σE → 0) for the high sensitivity quartz (Figures 7a and 7d) 351 

and the signal is dominated by a fast OSL component. On the other hand, a non-first order 352 

behavior is observed for the low OSL sensitivity quartz aliquots (Figure 7c and 7f), whereas 353 

medium OSL sensitivity quartz aliquots (Figures 7b and 7e) present a mix of behaviors. All 354 

detailed results are presented in the supplementary material (Figure S5 and Table S4). These 355 

results can be associated to the absence of the OSL fast component for the low sensitivity 356 

sample (L0674), as well as the contribution of different OSL components for the medium 357 

sensitivity sample (L0698). Therefore, the trap parameters values obtained for the medium and 358 

low sensitivity samples can represent non-fast OSL components. 359 

 360 

 361 

Figure 7. Best-fit kinetic parameters from isothermal storage experiments for representative 362 

quartz aliquots with high (L0229, fluvial sand), medium (L0698, fluvial sand) and low (L0674, 363 

alluvial sand) OSL sensitivity. Top and bottom panels represent the same data, fitted with Eq. 364 

(3) (top panel) and Eq. (4) (bottom panel). 365 

 366 
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The OSL trap parameter variations in relation to characteristic dose (D0, single saturating 367 

exponential function) are shown in Figure 8. It is noted that the average values of the activation 368 

energy and frequency factor are indistinguishable for quartz samples with different OSL 369 

sensitivities, considering the uncertainties of the fitting. However, the width of the trap depth 370 

(σE) and the kinetic order (β) suggest a positive correlation with the sample’s characteristic dose 371 

(Figure 8c and 8f), pointing that quartz with higher D0 has higher degree of deviation from first-372 

order kinetics. Although, we highlight the relatively higher uncertainties for the fitting of data 373 

from medium and low sensitivity quartz can be associated to the absence of fast OSL 374 

component in the initial OSL decay curve. The comparison between the GOK and Gaussian trap 375 

depth models are presented in the Figure S6. 376 

 377 

Figure 8. The y-axis represents the variation of OSL trap depth (a, d), frequency factor (b, d), 378 

and model nonlinearity parameter (c, f) in relation to OSL characteristic dose in the x-axis 379 

(samples L0229, L0698 and L0674). 380 

 381 

4. Summary and Discussion 382 

OSL and TL sensitivities 383 
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The range of the OSL sensitivity measured in the studied samples is about six orders of 384 

magnitude (10
-1

-10
5
 cts/Gy) while the TL sensitivity varies in four orders of magnitude (10

2
-10

5
 385 

cts/Gy). These could be the variation ranges of quartz OSL and TL sensitivities in nature, 386 

considering the continental-scale distribution of the studied sediment samples. This is a 387 

necessary information to evaluate the discrimination capacity of quartz OSL and TL 388 

sensitivities for sediment provenance analysis. The TL110°C peak sensitivity in our samples has a 389 

pattern similar to that observed for the OSL sensitivity, reinforcing the correlation that has 390 

already been described in the literature (Murray et al., 1998; Murray and Wintle, 2000; Jain et 391 

al., 2003a,b; Zular et al., 2015). This study also demonstrates that quartz crystals from igneous 392 

and metamorphic rocks, which did not experience natural bleaching-irradiation cycles, have 393 

relatively low OSL sensitivity (10
0
-10

1
 cts/Gy) in comparison to quartz sediment grains (10

2
-10

5
 394 

cts/Gy). This is in line with observations from previous studies (Chithambo et al., 2007; 395 

Sawakuchi et al., 2011; Guralnik et al., 2015a). However, the exception is quartz grains from 396 

the Chilean sediment sample (L0674), which have OSL sensitivity (10
0
-10

1
 cts/Gy) similar to 397 

that of quartz from parent rocks like the granite (ITA1) and blue schist (BS223). The low 398 

sensitivity of quartz from Chilean sediment agrees with its short transport from parent rocks in 399 

the same way as the well-known pattern of occurrence of low sensitivity quartz in sediments 400 

deposited around the Andes (Del Río et al., 2019) or other young mountain ranges like the New 401 

Zealand Alps (Preusser et al., 2006) and the Himalayas (Jaiswal et al., 2008). The LM-OSL 402 

measurements indicate that all OSL components are sensitized when quartz crystals from parent 403 

rocks are converted into sediment grains and experience transport and deposition in surface 404 

systems. However, quartz grains with higher OSL sensitivity also have higher contribution of 405 

the fast component, pointing that OSL components have different responses to bleaching-406 

irradiation cycles in surface systems. 407 

Previous studies proposed that the luminescence sensitization of quartz grains is related to 408 

the repetition of burial and solar exposure events within sedimentary systems (Moska and 409 

Murray, 2006; Pietsch et al., 2008) and/or denudation rate in sediment source areas (Sawakuchi 410 

et al., 2018). Sharma et al. (2017) also report anti-correlation between OSL sensitivity and water 411 
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content within quartz sediment grains. Although several studies demonstrate that luminescence 412 

sensitization occurs after quartz is released from parent rocks, there is no consensus about the 413 

specific processes leading to sensitization. The increase in the OSL sensitivity is generally 414 

related to higher sensitization of the fast component, as observed in nature by Sawakuchi et al. 415 

(2011), which may in turn be linked to enhancement of luminescence recombination probability 416 

during multiple cycles of burial irradiation and solar exposure bleaching (Moska and Murray, 417 

2006). A low intensity fast OSL component does not necessarily imply that the associated 418 

electron trap of interest is absent in the natural system; it is most likely related to the density of 419 

holes at the radiative recombination sites (Zimmermann, 1971; Guralnik et al., 2015a; Preusser 420 

et al., 2009). Niyonzima et al. (2020) performed spectral radiofluorescence (RF) measurements 421 

in the same quartz samples used in this study and found a positive correlation between RF 422 

intensity and OSL and TL sensitivities. According to Niyonzima et al. (2020), quartz with 423 

higher OSL and TL sensitivities has higher RF emission in the ultraviolet band compared to the 424 

blue band. This pattern suggests that sensitization is somehow related with the competition 425 

between different recombination centers. Laboratory bleaching-irradiation experiments to 426 

simulate OSL sensitization of quartz sediment grains (Moska and Murray 2006; Pietsch et al., 427 

2008) and quartz crystals from parent rocks of this study (Table S5 and Figure S7) were 428 

unsuitable to reproduce the range in OSL sensitivity observed in nature. The laboratory 429 

sensitization experiments do not sensitize the initial OSL signal by more than two orders of 430 

magnitude. Therefore, natural sensitization conditions are not entirely replicated in the 431 

laboratory experiments and future studies are necessary to achieve a more complete 432 

understanding about the sensitization process in surface systems. 433 

 434 

Characteristic dose 435 

In this study, characteristic doses (single saturating function) vary from 30 Gy (granite 436 

sample, VR12) to more than 3000 Gy (blue schist, BS223). Since our measurements were made 437 

from the initial OSL emission (first 0.8 s) and, as shown by Singarayer and Bailey (2003), each 438 

OSL component has a particular characteristic dose, it can be expected that different 439 
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contributions from each OSL component can result in different characteristic doses. According 440 

to these authors, the fast, medium and the first slow (S1) OSL components have similar 441 

characteristic dose of about 200 Gy (eolian dune sand from Morocco). The slow component S2 442 

has a relatively low characteristic dose of about 30 Gy and the slow component S3 has a 443 

relatively high characteristic dose of around 850 Gy (Singarayer and Bailey, 2003, note that the 444 

S3 is not the same as the S3 of Jain et al, 2003a). Therefore, the relatively high values of 445 

characteristic dose (> 300 Gy, single saturating exponential function) found in this work for 446 

quartz from rocks (blue schist and ITA1 granite) and from the Chilean sediment (L0674) could 447 

be related to the contribution of slower OSL components to the initial OSL emission. However, 448 

we highlight that quartz from the studied blue schist sample (BS223) has a characteristic dose 449 

significantly higher than values reported in the literature. A possible explanation for the 450 

variation of characteristic doses in the studied samples is the varied contribution of medium and 451 

slow components to the initial OSL emission (first 0.8 s) even considering an early background 452 

approach. Quartz from Brazilian sediments (L0001, L0017, L0229, L0231, L0688 and L0698) 453 

are dominated by the fast component or have a more balanced contribution of fast, medium and 454 

slow (S1, S2) OSL components. The characteristic doses values obtained by sum of 455 

exponentials (D01 = 14 - 66 Gy and D02 = 121 - 644 Gy) agree with those found in the literature. 456 

Murray et al. (2007) reported characteristic doses of 44 and 450 Gy, which are similar to values 457 

(50 and 320 Gy) presented by Pawley et al. (2010). Timar-Gabor et al. (2012) obtained values 458 

of 55 and 600 Gy.  We also observe a decrease in the range of characteristic doses from lower to 459 

higher sensitivity quartz. This pattern results from increased dominance of the fast component 460 

in the higher sensitivity samples, as lower sensitivity samples can show more varied 461 

contribution of different components to the initial OSL emission. This also agrees with the 462 

variation of electron trap parameters estimated for the studied low, medium and high OSL 463 

sensitivity quartz, where low sensitivity quartz has higher variation in electron trap depth and 464 

frequency factor as well as higher deviation from first order kinetics. 465 

The deconvolution of LM-OSL curves confirms that the initial 1 s of OSL decay curves from 466 

medium to high OSL sensitivity grains is dominated by the fast component while low OSL 467 
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sensitivity quartz from sediments and parent rocks is mainly dominated by medium and slow 468 

components. These results are supported by photoionization cross-sections values, where the 469 

high characteristic dose samples (L0674, VR12 and one of the aliquots from BS223) do not fit 470 

to the OSL fast component photoionization cross-section (of the order 10
-17

 cm²) but rather to 471 

the obtained values (10
-18

 cm²) from the OSL medium component (Singarayer and Bailey, 2003; 472 

Jain et al., 2003; Durcan and Duller 2011).  473 

Timar-Gabor et al. (2017) observed significant variation in OSL signal saturation of quartz 474 

and demonstrated that the characteristic dose increases with the decrease of quartz grain size. 475 

Thus, grain size may play a role for changes in the luminescence properties of quartz sediment 476 

grains, possibly due to variation of alpha ionization effects (Timar-Gabor, 2018). However, we 477 

observed significant changes in characteristic doses of quartz sediment grains with the same 478 

grain size, but from different geological settings. This indicates that geological processes like 479 

recycling in sedimentary systems might also influence the characteristic doses. 480 

 481 

Comparison between sensitivity, characteristic dose and electron trap parameters 482 

Our results indicate that higher the OSL sensitivity, lower is the signal saturation, implying 483 

dose response curves with lower characteristic doses. This pattern was investigated in terms of 484 

electron trap parameters estimated for high, medium and low sensitivity quartz. Here, we apply 485 

two different models for determination of the trap depth and the frequency factor. General order 486 

kinetics and Gaussian trap depth models are used since the observed thermal decay of the OSL 487 

signal is clearly non-first order for the low sensitivity samples. Using these models, our data 488 

suggest that the contribution from the nonlinear mechanism decreases as OSL sensitivity 489 

increases, however the activation energies values are statistically indistinguishable. This 490 

behavior can be due to the absence of a dominant OSL fast component in the low and medium 491 

sensitivity quartz (L0674 and L0698) as discussed in the previous section, despite the early 492 

background approach attempted to isolate a fast component signal. Hence, other OSL signal 493 

components (medium and slow) can be responsible for the initial emission of the OSL signal 494 

decay in the low ad medium sensitivity quartz. The activation energies estimated by Gaussian 495 
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trap depth distribution for the high, medium and low sensitivity quartz are, respectively, 1.72 ± 496 

0.02 eV (L0229), 1.70 ± 0.05 eV (L0698) and 1.55 ± 0.20 eV (L0674). Using a general order 497 

kinetics model, the activation energies are 1.73 ± 0.02 eV (L0229), 1.70 ± 0.07 eV (L0698) and 498 

1.64 ± 0.20 eV (L0674). We find that the activation energies values reported here agree with the 499 

reported values of the fast, medium and slow OSL components (Jain et al., 2003a). Bailey 500 

(2004) estimated that the activation energies of the fast and medium OSL components of quartz 501 

are respectively 1.7 eV and 1.72 eV, while activation energies of the slow components S1, S2 502 

and S3 are 1.8, 1.65 and 2.6 eV, respectively. The frequency factor values estimated for the 503 

studied high, medium and low sensitivity quartz vary between 10
14

 and 10
13

 s
-1

. This range is in 504 

line with values presented in published works. Frequency factors are of the order of 10
14

 s
-1

 for 505 

the fast component and 10
13

 s
-1

 for the other components (Bailey, 2004). Similarly, Singarayer 506 

and Bailey (2003) determined activation energy and frequency factor values of 1.74 eV and 10
13

 507 

s
-1

 for the fast component, 1.8 eV and 10
13

 s
-1

 for the medium component and 2.02 eV and 10
14

 508 

s
-1

 for the slow component. In the studied samples, trap depth width is significantly higher in 509 

medium and low sensitivity quartz (Figure 8). Despite significant uncertainties are associated 510 

with trap parameters from the medium and low sensitivity quartz, probably due to the 511 

contribution of non-fast components in the initial emission (~1s) of the OSL decay curve 512 

(Durcan, 2018), the correlation between sensitivity and trap depth width can arise if there is also 513 

a distribution of sensitization parameters and trapping cross sections. Although, this aspect 514 

needs further investigation.  515 

Assuming that the initial emission of the OSL decay curves measured from high and low 516 

sensitivity quartz samples in this study are dominated by fast component and slow OSL 517 

components, respectively, then our data can be qualitatively explained in terms of the presence 518 

of discrete OSL components. So, since multiple discrete traps giving rise to the fast, medium 519 

and slow OSL components, the bulk OSL is a sum of different components, where each 520 

component has different sensitivity and characteristic dose. Thus, we may expect that quartz 521 

samples with a sensitive and dominant fast OSL component should show a relatively lower 522 

characteristic dose (related to the fast component), as suggested by the observed trend between 523 
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OSL sensitivity and characteristic dose (Figure 3). Competition between electron traps is a 524 

possible mechanism to explain this trend. In quartz from parent rocks and short-transported 525 

sediments, slow and medium components would be more efficient competitors by electrons, 526 

forcing lower probability to fill the fast component trap. For a given dose, this condition would 527 

imply less electrons captured by the fast component trap, promoting lower sensitivity and dose 528 

response curve with higher characteristic dose. Although, sensitivity variation can also be linked 529 

to recombination driven by trapped holes population. Under this view, charge imbalance due to 530 

exposure of quartz to high doses (> 700 kGy) would lead to a limited availability of trapped 531 

roles for recombination (Autzen et al., 2018). This mechanism could also explain the lower 532 

sensitivity of quartz from parent rocks with ages of several million years, implying a high dose 533 

for their quartz crystals. The competition between recombination centers can also explain the 534 

observed sensitivity patterns, considering that spectral RF data obtained by Niyonzima et al. 535 

(2020) in the same quartz samples studied here suggest a relative shift from blue to ultraviolet 536 

emission when OSL and TL sensitivities of quartz increase. In this case, the OSL and 537 

sensitivities (ultraviolet emission) would be controlled by competition between different 538 

recombination centers. However, electron traps and recombination centers views as drivers of 539 

sensitization need deeper investigations to surpass the ambiguous character of OSL and TL 540 

measurements. 541 

 542 

5. Conclusions 543 

Quartz OSL and TL sensitivities vary in six and four orders of magnitude, respectively, 544 

which allow high capacity of sediment discrimination. This aspect is crucial for sediment 545 

provenance analysis. The surface transport history drives the basic luminescence properties of 546 

quartz grains. Long-transported quartz grains have OSL signals (initial 1s) dominated by the 547 

fast component, higher OSL and TL110°C sensitivities and lower characteristic doses than short-548 

transported quartz grains and quartz crystal in their parent igneous or metamorphic rock. 549 

Electron trap parameters (activation energy and frequency factor) of high, medium and low OSL 550 

sensitivity quartz have statistically similar values and within the range reported in the literature. 551 
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However, medium and low sensitivity quartz grains show higher variability in trap parameters 552 

estimates and significant deviation from first order kinetics. 553 

The studied quartz samples show characteristic doses from 30 to around 3000 Gy. We 554 

observe an inverse relation between OSL sensitivity and characteristic dose, where quartz with a 555 

major dominance of the fast OSL component has lower characteristic dose. Higher 556 

characteristic dose is associated with the dominance of medium or slow components in the 557 

initial (1s) OSL emission. The relation between sensitivity and characteristic dose can be 558 

hypothetically related with the competition between traps of different OSL components. In 559 

lower sensitivity quartz, the fast component electron trap would have a reduced filling 560 

probability due to higher competition with other traps. However, sensitivity variation can also 561 

be related to the availability of holes in recombination centers. The mechanism leading to the 562 

pattern of sensitivity and characteristics dose variation is still unclear and further investigations 563 

are necessary to clarify the specific roles of electron traps and recombination centers. 564 
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Highlights 

- The OSL and TL properties of quartz from rocks and sediments were characterized 

- Quartz from longer-transported sediments has higher OSL and TL sensitivities 

- Higher OSL sensitivity implies dose response curves with lower characteristic dose 

- Trap parameters of medium and low sensitivity quartz suggest to non-fast components 
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