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Abstract 32 

Coastal alluvial fans (CAF) are important geo-archives due to their sensitivity to both 33 

tectonic activity and climatic changes and they may give key insights for geomorphic and 34 

sedimentary processes. In this study we test the potential of K-feldspar post infrared-infrared 35 

stimulated luminescence (pIR-IRSL) and quartz electron spin resonance (ESR) methods for 36 

dating alluvial fan complexes in arid environments. The existing chronological data from 37 

marine terraces that interact with CAF make the Atacama Desert in northern Chile an 38 

excellent setting for this research. Samples have been collected from alluvial, marine and 39 

aeolian sediments embedded in the CAF complexes, allowing evaluation of the different 40 

signal properties and bleaching characteristics of the pIR-IRSL and ESR signals (Al and Ti 41 

centres) over Late Pleistocene time scales.   42 

pIR-IRSL dose distributions of clast-rich alluvial fan samples are characterised by higher 43 

scatter and demonstrate heterogeneous bleaching, while matrix-rich alluvial fan deposits show 44 

rather homogeneous poor bleaching in the dose dispersion as indicated by modern analogue 45 

samples. In contrast, marine and aeolian deposits are homogeneously well bleached, 46 

supported by modern littoral samples. Following the quartz multiple centre (MC) ESR dating 47 

approach (Al and Ti centres), bleaching of the different centres prior to deposition has been 48 

achieved. While the Ti-H centre provides mostly lower doses than the Ti-Li centres, in most 49 

cases the Al centre provides the highest dose values. This pattern is consistent with their 50 

respective bleaching kinetics and suggests that the Ti centre signals most likely provide the 51 

closest estimate to the true burial dose for samples with doses >200 Gy.  52 

ESR and pIR-IRSL ages are consistent at 2σ for the marine, aeolian and clast-rich debris-53 

flow deposits, which is in agreement with existing chronological data in this area. It appears 54 

that the mode of sediment transport on alluvial fans, either as matrix- or clast-rich flows, plays 55 

an important role in sediment bleaching. While clast-rich alluvial fan deposits are likely better 56 

bleached, we cannot exclude insufficient bleaching during matrix-rich alluvial fan flows; our 57 

dating results suggest that both pIR-IRSL and ESR dating overestimate the true burial age. 58 

The combination of pIR-IRSL and MC ESR dating can be considered a promising tool for 59 

deciphering alluvial fan formation over (Late) Pleistocene timescales.  60 

 61 
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1. Introduction 68 

Alluvial fans are geo-archives of great significance due to their sensitivity to both tectonic 69 

activity and climatic variations (Bull, 1977; Mather et al., 2017). Although these terrestrial 70 

landforms may occur in any climatic environment (Harvey et al., 2005), they have often been 71 

studied in relatively dry mountain regions (e.g., Blair and McPherson, 2009, 1994; Clarke, 72 

1994; de Haas et al., 2014; Hartley et al., 2005; Harvey et al., 2005; Porat et al., 1997; Sohn et 73 

al., 2007). Arid climate conditions typically favour the preservation of landforms (e.g., 74 

Evenstar et al., 2017; Houston, 2006), which thus provide key insights into geomorphic 75 

processes and sedimentary systems (Harvey et al., 2005; Mather et al., 2017). In particular, 76 

alluvial fans may directly reflect short-term climatic shifts (e.g., heavy precipitation events) 77 

and can, thus, give insights into long-term environmental changes (e.g., Bull, 1979; Harvey et 78 

al., 2005; Mather et al., 2017). 79 

However, unravelling phases of alluvial fan activity and understanding 80 

palaeoenvironmental variations is dependent upon a robust chronology. Due to the 81 

heterogeneity of alluvial fan deposits (e.g., coarse-grained structure) and their usually long 82 

chronologies, difficulties remain in accurate dating (Bowman, 2019; Mather et al., 2017). 83 

Previous attempts have used dating with cosmogenic nuclides, radiocarbon dating, Ar-Ar 84 

dating (volcanic ash beds) and U-series dating methods (e.g., Bowman, 2019; Cerling et al., 85 

1999; Clarke, 1994; Hooke and Dorn, 1992; Keefer et al., 2003; Lee et al., 2010; Robinson et 86 

al., 2005; Vargas et al., 2006; Vásquez et al., 2018). But these applications are limited by the 87 

non-systematic availability of suitable dating material, which may also sometimes lie beyond 88 

the dating range of a given method. Additionally, most of these methods may actually provide 89 

an indirect constraint rather than a direct age for the burial of alluvial fan deposits (Bowman, 90 

2019; Rixhon et al., 2017).  91 

Luminescence dating of quartz and K-feldspar has proven to be an efficient technique to 92 

chronologically constrain alluvial fan deposits (e.g., del Río et al., 2019; Kenworthy et al., 93 

2014; Lang, 2013; Pope et al., 2008; Porat et al., 1997; Sohn et al., 2007; Trauerstein et al., 94 

2014). However, incomplete solar resetting of the different luminescence signals due to short 95 

and rapid transport of alluvial fan sediments prior to deposition may result in age 96 

overestimation. Alongside the general preference of using quartz due to its faster bleaching 97 

kinetics (Godfrey-Smith et al., 1988), numerous approaches have been developed to overcome 98 

the problem of partial bleaching, including the use of coarser grain sizes that are known to be 99 

better bleached during fluvial transport (e.g., Olley et al., 1998; Truelsen and Wallinga, 2003), 100 

the study of single grains or small aliquots to detect incompletely bleached grains in the 101 

sample (e.g., Duller, 2012; Trauerstein et al., 2014) and a statistical treatment of dose 102 

distributions to remove grains/aliquots with insufficiently or non-reset signals (e.g., Arnold et 103 

al., 2007; Galbraith et al., 1999).  104 



Similar to luminescence dating, electron spin resonance (ESR) dating of quartz has the 105 

ability to directly date the last exposure of sediment to sunlight (Yokoyama et al., 1985). 106 

However, paramagnetic centres used in quartz are known to be less light sensitive than 107 

luminescence signals (Arnold et al., 2015; Duval et al., 2017; Tissoux et al., 2010). 108 

Consequently, Toyoda et al. (2000) proposed the multiple centre (MC) approach to identify 109 

potential incomplete signal resetting in quartz samples. By taking advantage of the different 110 

bleaching kinetics of the aluminium (Al) and the titanium (Ti) centres in quartz, the MC 111 

approach has been shown to be a reliable tool (especially in fluvial environments) to get 112 

numerical age information from Early to Middle Pleistocene deposits (e.g., Bartz et al., 2018; 113 

del Val et al., 2019; Duval et al., 2017, 2015; Kreutzer et al., 2018; Sancho et al., 2016; 114 

Tissoux et al., 2007; Voinchet et al., 2019). However, the exact potential of the method to date 115 

Late Pleistocene deposits remains somewhat unknown. Low ESR signal intensities and/or 116 

residual ESR signals after incomplete solar resetting during transport may hamper the usage 117 

of the MC approach (Beerten et al., 2006; Voinchet et al., 2007), and only a few studies have 118 

shown ESR age results consistent with independent age control (Beerten et al., 2006; Kreutzer 119 

et al., 2018). 120 

An excellent situation to study alluvial fan deposits in arid environments is found along the 121 

coastal Atacama Desert in northern Chile. The hyper-arid conditions in the Atacama favour 122 

the preservation of alluvial fans and the study of their geomorphological processes (e.g., 123 

Evenstar et al., 2017; Walk et al., 2019a). Along the western flank of the Coastal Cordillera, 124 

an extensive record of alluvial fans has been developed interacting with uplifted marine 125 

terraces (Hartley et al., 2005; Walk et al., 2019b). Although the almost complete series of 126 

marine terraces established from MIS 11 to the Holocene (González-Alfaro et al., 2018; 127 

Labonne and Hillaire-Marcel, 2000; Leonard and Wehmiller, 1991; Ortlieb et al., 1996; 128 

Radtke, 1989; Regard et al., 2010) may contribute to estimate the timing of the deposition of 129 

alluvial fan from the Middle Pleistocene onwards, no direct dating of coastal alluvial fans 130 

(CAF) beyond the upper dating limit of the radiocarbon dating techniques (Vargas et al., 131 

2006; Vásquez et al., 2018) has as yet been attempted in this region.  132 

In the first instance, trapped-charge dating methods such as luminescence and ESR appear 133 

to be excellent candidates to chronologically constrain the CAF and associated deposits in the 134 

Atacama Desert. However, previous applications of optically stimulated luminescence (OSL) 135 

of quartz have proven challenging for deposits from the western escarpment of the Andes due 136 

to low sensitivity of natural OSL signals or unstable signal components (e.g., del Río et al., 137 

2019; May et al., 2015; Steffen et al., 2009; Veit et al., 2015). To date CAF complexes in 138 

areas with inadequate quartz OSL properties such as the Atacama Desert, we test the potential 139 

of the less rapidly resetting signals of K-feldspar post-infrared infrared stimulated 140 

luminescence (pIR-IRSL) and quartz ESR dating. While the latter has so far not been applied 141 

to deposits along the Pacific coast of South America, previous studies have already 142 

highlighted the potential of K-feldspar luminescence dating to constrain the timing of fluvial 143 



and coastal depositional environments in this area. Trauerstein et al. (2014) reported on the 144 

suitability of pIR-IRSL dating using multi- and single-grain aliquots to date alluvial and 145 

fluvial samples from Peru and evaluated the degree of partial bleaching of fluvial samples. 146 

The authors noted difficulties from the potential averaging effects of multi-grain aliquots and 147 

thus for understanding dose dispersions (Trauerstein et al., 2014). In contrast, Veit et al. 148 

(2015) took advantage of the good bleaching characteristics of aeolian transported K-feldspars 149 

to successfully constrain the timing of coastal aeolian deposits over late Pleistocene time 150 

scales in southern Chile by using pIR-IRSL dating on multi-grain aliquots. Recently, del Río 151 

et al. (2019) showed the potential of pIR-IRSL dating compared to challenging quartz OSL 152 

signals of aeolian, alluvial and colluvial samples along the Mejillones Peninsula in the 153 

Atacama. While quartz OSL gave overall unreliable age results, pIR-IRSL signal properties 154 

appeared to be adequate to date different environmental histories (alluvial, colluvial, aeolian). 155 

However, del Río et al. (2019) underlined the importance of choosing an appropriate sampling 156 

strategy for dating alluvial fan deposits. Following the mentioned earlier studies, dating these 157 

deposits and deciphering their burial history requires the application of a specific approach 158 

based on the comparison between different trapped charge dating signals and environmental 159 

facies that are characterised by diverse bleaching kinetics.  160 

We studied pIR-IRSL and ESR signal properties from three CAF complexes between 21°S 161 

and 23°S along the western flank of the Coastal Cordillera. Beside alluvial fan samples of 162 

different sedimentary characteristics, we targeted marine deposits which are related to well-163 

dated late Pleistocene sea-level highstands in this area, as well as aeolian sand layers 164 

embedded in the CAF complexes that are assumed to have been better bleached during 165 

transport. Thus, in our study we aim to (i) determine the merits of pIR-IRSL and ESR dating 166 

techniques; (ii) investigate the bleaching behaviour of pIR-IRSL and ESR signals from 167 

different transportation modes (matrix- and clast-rich alluvial fan, marine and aeolian); (iii) 168 

evaluate the reliability of ESR dating over late Pleistocene time scales; and (iv) test the 169 

potential of both techniques to establish robust chronologies of alluvial fans in dry 170 

environments. 171 

 172 

2. Study area 173 

2.1 Regional context: climate, geology and geomorphology 174 

Hyper-aridity in the coastal Atacama Desert (N Chile) is associated with the prevention of 175 

precipitation due to upwelling cold water of the Peru-Chile current, the zonal location in the 176 

sub-tropical high-pressure belt (Hadley circulation), the rain shadow effect exhibited by the 177 

central Andes, and the large distance from the Amazonia-Atlantic moisture source (e.g., 178 

Garreaud, 2011; Houston, 2006; Houston and Hartley, 2003; Insel et al., 2010; Takahashi and 179 

Battisti, 2007). The Coastal Cordillera (Fig. 1) is a ~1000 to 3100 m-high and ~30 km-wide 180 

orogenic belt, which prevents moist air masses from the Pacific from directly entering the 181 



Central Depression (Hartley et al., 2005). Consequently, precipitation events are infrequent 182 

and contemporary mean annual precipitation is <5 mm along the Cordillera’s western flank 183 

(e.g., Cereceda et al., 2008; Garreaud et al., 2010). Occasional precipitation episodes occur 184 

predominantly during austral winters, often linked to warm phases of the El Niño-Southern 185 

Oscillation (ENSO), and to a lesser extent to warm Interdecadal Pacific Oscillations (Schulz 186 

et al., 2011; Vargas et al., 2006). One recent major precipitation event occurred in March 187 

2015; ~24 mm of rainfall fell at a rate of a few millimetres per hour north of Antofagasta 188 

(Bozkurt et al., 2016). Hence, alluvial fan deposits are evident at several locations along the 189 

western flank of the Coastal Cordillera that we refer to as the 2015-event. 190 

The Coastal Cordillera (Fig. 1) predominantly consists of the Jurassic andesite-dominated, 191 

10 km-thick La Negra formation, associated with granitic intrusions and underlying Triassic 192 

as well as Palaeozoic metamorphosed sedimentary rocks (Mpodozis et al., 2015). The 193 

lithologies are cut by a series of active N-S- to NE-SW-striking normal faults, which led to 194 

tectonic uplift since the Oligocene (García-Pérez et al., 2018; Hartley et al., 2000; von Huene 195 

and Ranero, 2003). The western margin of the Coastal Cordillera is formed by the Coastal 196 

Cliff. Its foot has been estimated at ~110 m a.s.l. (above sea level) and chronologically 197 

constrained by extrapolation of re-appraised uplift rates to MIS 11 (~400 ka; cf., Regard et al., 198 

2010). The continuation to the modern coast comprises the Coastal Plain, which exhibits 199 

hundreds of alluvial fan sequences (Walk et al., 2019b; Fig. 1) superimposed on marine 200 

terrace sediments between the Mejillones Peninsula and Iquique (Radtke, 1989; Fig. 1). A 201 

significant number of studies have been conducted in this area to date the palaeo-shorelines, 202 

including ESR in combination with U-Th dating of marine shells as well as amino acid and 203 

radiocarbon dating of shells and terrace material (González-Alfaro et al., 2018; Labonne and 204 

Hillaire-Marcel, 2000; Leonard and Wehmiller, 1991; Ortlieb et al., 1996; Radtke, 1989; 205 

Ratusny and Radtke, 1988). These studies resulted in an almost complete chronology of 206 

marine palaeo-shorelines from the Holocene to MIS 11 (Regard et al., 2010).  207 

 208 

2.2 Study sites 209 

This study focuses on three CAFs along the western flank of the Coastal Cordillera in 210 

northern Chile located between ~21°S and ~23°S (Fig. 1), namely Río Seco (SEC), Guanillos 211 

(GUA; Walk et al., 2019a) and Caleta El Fierro (VIR – “Virgen del Camino”) from north to 212 

south. The three different alluvial fan complexes represent an excellent setting to study 213 

alluvial fan deposits of different sedimentary characteristics (relatively matrix-rich and clast-214 

rich deposits), aeolian sand interbeds as well as marine deposits. 215 

The SEC alluvial fan system is located in the Tarapacá region and debouches into the 216 

Pacific Ocean at 20°59’S and 70°09’W (Fig. 1). In total, four sedimentary sections (S1-4) 217 

were investigated (Fig. 2 and Fig. S1a-f). Sections S1 and S3 represent alluvial fan deposits of 218 

different types: while the former is dominated by fine-grained matrix-rich hyperconcentrated 219 



flow deposits with a medium- to fine-sand matrix including coarser components (Fig. 2 and 220 

Fig. S1b), the latter represents clast-rich hyperconcentrated flow deposits characterised by 221 

angular gravel in a fine- to medium-sand matrix with intercalated finer sand lenses (Fig. 2 and 222 

Fig. S1d-e). Both sections represent different phases of alluvial fan activity phases based on 223 

their stratigraphic positions, with S1 likely being younger with surface deposits at the 224 

southern channel bank and S3 being older at the lowermost exposed horizon at the northern 225 

channel bank. Sections S2 and S4 document marine deposits underlying heterogeneous, 226 

several metres-thick clast-rich alluvial fan deposits, including sections S1 and S3 (Fig. 2 and 227 

Fig. S1c,f). A clear unconformity between the marine and alluvial fan facies is evident at an 228 

elevation of ~10 m (S2) and ~22 m a.s.l. (S4). These marine formations may be attributed to 229 

the last interglacial sea-level highstand (MIS 5e) based on observations by Radtke (1989) 230 

from marine deposits south of Iquique (Fig. 1).  231 

The GUA alluvial fan system is located in the Antofagasta region and flows into the 232 

Pacific Ocean at 21°58’S and 70°10’W (Fig. 1). We refer to Walk et al. (2019a) for detailed 233 

geomorphological description of the GUA site. This study focuses on two sedimentary 234 

sequences (G1 and G2) at the lowermost end of the CAF close to the Pacific Ocean (Fig. 2 235 

and Fig. S1g-i). Section G1 is characterised by ~20 m-thick debris-flow deposits where 236 

aeolian sand subdivides the alluvial fan phases (Fig. 2 and Fig. S1h-i). Section G2 is 237 

characterised by two distinct units with homogeneous fine-grained fluvial/alluvial deposits 238 

intercalated by thin coarser layers in the lowermost part and overlying heterogeneous, clast-239 

rich several metres-thick debris-flow deposits (Fig. 2 and Fig. S1g).  240 

The VIR alluvial fan system is located in the Antofagasta region and debouches into the 241 

Pacific Ocean at 22°38’S and 70°15’W (Fig. 1). In total, two sedimentary sections (V1 and 242 

V2) were investigated (Fig. 2 and Fig. S1j-o). Due to anthropogenic works, clast-rich debris-243 

flow beds (up to ~1 m thick) with rare sand lenses lay open (section V1, Fig. 2 and Fig. S1k-244 

l). Close to the coast, the same channel is incised ~15 m-deep, where marine terrace deposits 245 

are exposed underlying metres-thick clast-rich hyperconcentrated flow deposits (section V2, 246 

Fig. 2m). The marine deposits are represented by well-preserved cross-stratified fine- to 247 

medium-grained sand lenses rich in shell fragments; they are interpreted as upper shoreface 248 

facies (section V2a, Fig. 2 and Fig. S1n) – similar to marine deposits at Gatico (Hartley and 249 

Jolley, 1999) (Fig. 1). The overlying unit is characterised by rounded boulders attributed to a 250 

beach facies (~17 m a.s.l). The uppermost part of the marine sequence is characterised by a 251 

~1.5 m-thick homogeneous fine- to medium-sand horizon with many shell fragments; it is 252 

interpreted as palaeobeach facies (Fig. 2 and Fig. S1n-o). This facies has also been observed 253 

at Caleta Michilla at similar elevation. The marine deposit has been dated to the last 254 

interglacial sea-level highstand (80-125 ka; Leonard and Wehmiller, 1991).  255 

 256 

3. Applied methodology 257 



3.1 Sampling strategy and preparation 258 

The heterogeneity of clast-rich alluvial fan deposits hampered high-resolution sampling 259 

from the fans themselves. Sandier portions in the CAF and the marine beach sands underneath 260 

the CAF were targeted and samples were collected in March 2017 for luminescence and ESR 261 

dating by hammering steel tubes (25 cm long cylinder with a diameter of 6 cm) into freshly 262 

cleaned vertical sections. The tubes were directly sealed from sunlight with opaque tape and 263 

black bags. The surrounding material was additionally collected for laboratory gamma 264 

spectrometry analysis and water content estimation. In total 16 luminescence samples were 265 

taken (C-L4339 to C-L4344 and C-L4350 to C-L4359); four of them have also been dated by 266 

ESR (C-E4352 to C-E4353 and C-E4357 to C-E4358). In addition, one modern analogue 267 

sample was collected from alluvial fan deposits at VIR belonging most likely to the 2015-268 

event (C-L4313) due to its fresh appearance (e.g., recent channel flutes) and the comparison 269 

with satellite images before and after the event (e.g., clear alluvial fan activation at VIR). A 270 

second sample was taken from the modern beach at the VIR site (C-L4314) (Fig. 1). They will 271 

be used for comparative studies with samples from matrix-rich alluvial fan and marine 272 

deposits. No representative modern analogue was available for aeolian deposits.  273 

A total of five samples were collected at the SEC site (Fig. 2): Section S1 comprises 274 

samples C-L4355 and C-L4356 at 0.8 m b.s. (below surface) (26.3 m a.s.l.) and at 1.5 m b.s. 275 

(25.6 m a.s.l.), respectively. One sample each was collected from sections S2, S3 and S4, 276 

namely C-L/E4357 at 15.5 m b.s. (9.9 m a.s.l.), C-L/E4358 at 11.2 m b.s. (9.5 m a.s.l.) and C-277 

L4359 at 15.0 m b.s. (21.6 m a.s.l.), respectively. 278 

A total of total five samples were collected at the GUA site (Fig. 2): section G1 comprises 279 

samples C-L4350 at 25.0 m b.s. (28.5 m a.s.l.), C-L4351 at 26.0 m b.s. (27.5 m a.s.l.) and C-280 

L/E4352 at 14.2 m b.s. (36.3 m a.s.l.). Section G2 contains sample C-L/E4353 at 14.3 m b.s. 281 

(10.2 m a.s.l.) and sample C-L4354 at 12.7 m b.s. (11.8 m a.s.l.). 282 

A total of six samples were collected at the VIR site (Fig. 2): section V1 comprised 283 

samples C-L4343 and C-L4344 from the same sand lens at 2.2 m b.s. (77.8 m a.s.l.) and 2.5 m 284 

b.s. (78.1 m a.s.l.), respectively. Four samples were taken from section V2 (C-L4339-4342), 285 

while samples C-L4339, C-L4341 and C-L4342 are representative for the same horizon at 286 

11.0 m b.s. (20.4 m a.s.l.), 11.0 m b.s. (20.4 m a.s.l.) and 11.7 m b.s. (18.6 m a.s.l.), 287 

respectively. Sample C-L4340 was collected at a depth of 13.4 m b.s. (16.8 m a.s.l.). 288 

The samples were prepared under subdued red light conditions at the Cologne 289 

Luminescence Laboratory (CLL) of the University of Cologne. We divided the sample 290 

material of the tubes into two parts to prepare luminescence and ESR sample material. After 291 

wet sieving, the sand fraction (>100 µm) was treated with HCl (10%), H2O2 (10%) and 292 

sodium oxalate to remove carbonates, organic material and clay aggregates. Density 293 

separation with sodium polytungstate was used to isolate quartz (ρ1 = 2.62-2.68 g/cm3) and K-294 

feldspar (ρ2 = <2.58 g/cm3). Quartz was etched with HF (40 min) and subsequently treated 295 



with HCl (60 min). Finally, the resulting quartz and K-feldspar minerals were sieved to grain 296 

sizes of 100-150, 150-200 and 200-250 µm and mounted on stainless-steel discs for pIR-IRSL 297 

measurements (Table 1). For ESR dating, only four samples yielded suitable amounts of 298 

quartz (~2-3 g) in the grain size fraction of 100-250 µm. 299 

 300 

3.2 Dose rate and age calculation 301 

The total environmental dose rate was derived from a combination of in situ field 302 

measurements and laboratory gamma spectrometry analysis. The external gamma dose rate 303 

was measured in the field using a portable in situ gamma spectrometer (Ortec NaI(Tl) 304 

Scintillation Probe), calculated with the “threshold” technique (Duval and Arnold, 2013). 305 

Radioelement activities (238U and 232Th decay chains as well as 40K) were measured using 306 

~200 g of homogenised raw dry sediment using an Ortec high-precision Germanium Gamma-307 

Ray Spectrometer (HPGe). The software DRAC v1.2 (Durcan et al., 2015) was applied for 308 

dose rate and age calculation using the conversion factors of Guérin et al. (2011), and the 309 

alpha and beta attenuation factors of Bell (1980) and Guérin et al. (2012) (either for quartz or 310 

K-feldspar), respectively. The thickness of exterior grain surface removed by HF etching of 311 

the quartz samples was assumed to be 20±10 µm. Natural and saturated water contents were 312 

calculated relative to the dried sample material following Nelson and Rittenour (2015). The 313 

cosmic dose rate contribution was assessed after Prescott and Hutton (1994). For coarse-314 

grained feldspar, an α-efficiency of 0.11±0.03 (Balescu and Lamothe, 1993) and an internal 315 

potassium content of 12.5±0.5% (Huntley and Baril, 1997) were assumed. For ESR of quartz, 316 

an α-efficiency of 0.07±0.01 (Bartz et al., 2019) was used, while an internal dose rate of 317 

0.05±0.03 Gy/ka (Vandenberghe et al., 2008) was assumed.  318 

 319 

3.3 Luminescence dating procedure 320 

All luminescence measurements were carried out on automated Risø TL/OSL-DA-20 321 

readers equipped with 90Sr/90Y beta sources for irradiation, delivering a dose rate of ~0.08 322 

Gy/s (multi-grain measurements) and ~0.13 Gy/s (single-grain measurements). IR stimulation 323 

(880±80 nm) and signal detection through a LOT D410/30x interference filter was used for 324 

measuring the multi-grain K-feldspar samples. Single-grain measurements were carried out on 325 

sample C-L4353 using an IR laser centred at 830 nm and using a Schott BG-39 and Corning 326 

7-59 filter combination. For multi-grain aliquots, 1 mm diameter aliquots were used for all 327 

samples, except for sample C-L4344 for which 2 mm diameter aliquots were used. The first 328 

7.7 s of stimulation minus a late background of the last 38.5 s were evaluated. For single-grain 329 

measurements, the 100-150 µm grain size fraction was loaded into 200 µm diameter hole 330 

single-grain discs. We checked randomly under a microscope whether multiple grains are 331 

bedded in one hole, but only very few occurrences were found. The first 0.18 s of stimulation 332 



minus a late background of the last 0.3 s was used for signal integration for single grain 333 

measurements.  334 

An elevated temperature pIR-IRSL single-aliquot regenerative-dose (SAR) protocol was 335 

applied using a preheat of 250 °C (for 60 s), a first IR stimulation temperature of 50 °C (IR50 336 

for 200 s), and a second IR stimulation temperature of 225 °C (pIR225 for 200 s) (Thomsen et 337 

al., 2008). The pIR-IRSL measurement protocol was modified for single-grain measurements 338 

using an IR and pIR stimulation time of 2 s. The response to a test dose (~70-80% of the 339 

expected natural equivalent dose, De) was measured in the same way. At the end of each SAR 340 

cycle an IR stimulation at 290 °C was used for 100 s to reduce recuperation.  341 

After measurement of the natural IR50 and pIR225 signals, athermal signal loss was 342 

estimated on three 2 mm aliquots per sample following Auclair et al. (2003) in order to 343 

average sample specific g-values, which were normalised to a measurement delay time of 2 344 

days after irradiation (g2days; Huntley and Lamothe, 2001). Regenerative doses of ~50% of the 345 

expected natural De and test doses of ~70% of the chosen regenerative doses were used in the 346 

fading experiments. Fading corrections followed the approach after Huntley and Lamothe 347 

(2001). Samples were exposed to light for 24 h in a Hönle SOL2 solar simulator for dose 348 

recovery (all samples) and residual dose (samples C-L4340, C-L4343, C-L4350, C-L4354, C-349 

L4356 and C-L4357) experiments. An artificial dose (approximately equal to the natural De) 350 

was given to the bleached samples in the dose-recovery experiments. Laboratory residual 351 

doses were measured from the SOL bleached aliquots. In order to investigate the degree of 352 

bleaching achieved by the deposits, residual signals of the modern analogue samples C-L4313 353 

and C-L4314 were measured in the same way as for the De measurements. Measured aliquots 354 

(grains) had to fulfil the following SAR acceptance criteria: (i) Tn>3σ background; (ii) test 355 

dose error ≤10%; (iii) recuperation <5% (<10%) of the sensitivity-corrected natural IR50 and 356 

pIR225 signals; (iv) recycling ratio between 0.9-1.1 (0.85-1.15). The model of athermal 357 

detrapping first proposed by Huntley (2006) and modified after Kars et al. (2008) was used to 358 

estimate sample specific field saturation applying the R package ‘Luminescence’ v0.9.5 with 359 

the analyse_FadingMeasurement() (Kreutzer and Burow, 2019) and calc_Huntley2006() 360 

(King and Burow, 2019) functions. Dose response curves (DRC) were fitted using a single 361 

saturating exponential (SSE) function in Analyst software v4.31.9 (Duller, 2015). Dose 362 

calculations were conducted with the R package ‘Luminescence’ v0.8.6 (Kreutzer et al., 2019) 363 

using either the central age model (CAM) or the three-parametric minimum age model 364 

(MAM) (Galbraith et al., 1999). 365 

 366 

3.4 ESR dating procedure 367 

Four quartz samples (C-E4352, C-E4353, C-E4357 and C-E4358) were ESR dated at the 368 

Geochronology Facilities of the Centro Nacional de Investigación sobre la Evolución Humana 369 

(CENIEH) in Burgos with the MC approach (Toyoda et al., 2000). ESR dose evaluation was 370 



carried out following the multiple-aliquot additive-dose (MAAD) method. Each quartz sample 371 

was divided into 12 aliquots: 1 natural, 1 bleached (1500 h in Hönle SOL2) and 10 laboratory-372 

irradiated aliquots. Gamma irradiation was performed with a calibrated Gammacell-1000 Cs-373 

137 gamma source (dose rate = 6.4±0.2 Gy/min) to approximately 50, 100, 200, 400, 600, 374 

1000, 1500, 3000, 6000 and 12000 Gy. No modern analogue samples were analysed due to 375 

the limited amount of quartz available. Low temperature (90.0±0.1 K) ESR measurements 376 

were carried out with an EMXmicro 6/1 Bruker X-band ESR spectrometer coupled to a 377 

standard rectangular ER4102ST cavity and using a ER4141VT Digital Temperature control 378 

system based on liquid nitrogen cooling (for further details about the experimental setup and 379 

its stability see Duval and Guilarte Moreno, 2012). The given sample was placed in the centre 380 

of the cavity and measured three times after a ~120º rotation in order to account for the 381 

angular dependence of the ESR signal. ESR measurements were carried out on two different 382 

days to evaluate data repeatability. Due to the limited amount of available material and the 383 

low signal-to-noise ratios, the ESR signals of the Al and Ti centres were measured together in 384 

a single spectrum by using the following acquisition parameters: 5 mW microwave power, 385 

2500 points resolution, 100 kHz modulation frequency, 1 G modulation amplitude, 500 G 386 

sweep width, 20 ms conversion time and 10 ms time constant, and 1-15 scans depending on 387 

the aliquots considered. We systematically increased the number of scans measured for each 388 

aliquot when the signal-to-noise ratio was <5. Baseline correction was applied via WINEPR 389 

Processing software using a quadratic function. 390 

The Al ESR intensity was measured between the top of the first peak (g = 2.018) and the 391 

bottom of the 16th peak (g = 1.993) (Toyoda and Falguères, 2003). ESR intensities of the Ti 392 

centre were extracted from two different options as described in Duval and Guilarte, 2015: (i) 393 

peak-to-baseline amplitude measurement around g = 1.915 (option C; pure Ti-H centre) and 394 

(ii) peak-to-baseline amplitude measurement around g = 1.913 (option D; Ti centre). An 395 

additional fitting option of the Ti centre was used for comparison with option D, namely Ti 396 

option A (Duval and Guilarte, 2015) with peak-to-peak amplitude measurement between g = 397 

1.979 and the bottom of the peak at around g = 1.913. It has to be noted that Ti options A and 398 

D are most likely mixtures of contributions of Ti-Li and Ti-H (Duval et al., 2017). ESR 399 

intensities of the Al and Ti centres of each aliquot were then corrected by the receiver gain, 400 

corresponding number of scans, aliquot mass and a temperature correction factor (Duval and 401 

Guilarte Moreno, 2012).  402 

The bleaching coefficient has been defined as the relative difference between the ESR 403 

intensities of natural and bleached aliquots (Voinchet et al., 2003). ESR intensities of the 404 

bleached aliquot were then subtracted from ESR intensities of the natural and gamma 405 

irradiated aliquots prior to any De calculation (Voinchet et al., 2003). Al ESR intensities were 406 

fitted by using an exponential+linear (EXP+LIN) function following Duval (2012). Ti ESR 407 

intensities were fitted using a SSE function. Data points were weighted by the inverse of the 408 

squared ESR intensity (1/I²) to reduce the leverage of high dose points. Given the limited 409 



maximum irradiation dose (12 kGy), the Ti-2 function classically used to describe the 410 

behaviour of the Ti centres could not be used with the present data set (Duval and Guilarte, 411 

2015). The goodness-of-fit is assessed through the adjusted r-square (r²) value, which 412 

accounts for the degree of freedom of the system. We adopted the fitting criteria of Duval et 413 

al. (2013) in order to assess the fitting reliability of each dose response curve (DRC) and 414 

followed the quality control procedures recommended by Duval and Guilarte (2015).  415 

 416 

4. Results and interpretation 417 

4.1 Dose rate evaluation 418 

The 238U, 232Th and 40K concentrations range from 0.57±0.04 to 4.08±0.22 ppm, 1.45±0.10 419 

to 16.12±0.94 ppm and 0.46±0.01 to 2.17±0.02%, respectively (Table 1). The results do not 420 

show a clear correlation between the different depositional environments (alluvial, aeolian, 421 

marine), they rather seem to be affected by differences in their source areas (e.g., catchment 422 

geology). By comparing the results obtained from the measurement of 226Ra and 238U, no 423 

significant disequilibrium was observed in the 238U decay chain. Gamma dose rates calculated 424 

from laboratory HPGe measurements showed systematically lower values compared to those 425 

of in situ measurements (Supplementary Information Fig. S1), although both data sets appear 426 

to be consistent at 2σ for most of the samples. Interestingly, samples from the VIR site show 427 

overall close values for both marine and alluvial fan deposits, whereas the other two sites 428 

display bigger differences. At an individual level, the largest variations between the two 429 

analytical data sets are observed for samples C-L/E4350-4352, C-L4354-4355 and C-430 

L/E4357. Overall, these differences most likely illustrate the heterogeneity of the deposits in 431 

the immediate surroundings of the samples. Therefore, in-situ gamma measurements are 432 

considered to provide a more accurate estimate of the true gamma dose rate and were thus 433 

used in the total dose rate evaluation for all the samples. 434 

Natural water contents of <0.5% were measured in the laboratory for all the samples. 435 

While hyper-arid conditions and therefore water contents close to zero may be assumed for 436 

the alluvial fan and aeolian samples since burial, water contents for the marine deposits have 437 

definitely changed considerably during the past. In order to account for their history of 438 

sublittoral and littoral accumulation, the saturated water content of samples C-L3339 to C-439 

L4342 were additionally measured (cf., Nelson and Rittenour, 2015). Saturated water contents 440 

resulted in 26±2%. However, accounting for drying as consequence of both tectonic uplift and 441 

sea-level changes (e.g., Ortlieb et al., 1996), a mean value of 13±6% (mean value of current 442 

and saturated water content) has been assumed as long-term water content for age calculation 443 

of the marine samples. The associated large error (1σ-standard deviation) is intended to 444 

encompass both current and saturated water content. 445 

 446 



4.2 pIR-IRSL dating 447 

4.2.1 Luminescence properties of the pIR-IRSL signals  448 

The multi-grain K-feldspar samples generally showed bright IR50 and pIR225 signals (Tn 449 

intensity = several 102-103 counts per 0.7 s; Fig. 3), except C-L4344, for which most of all 450 

measured aliquots were rejected due to Tn signals that are not >3σ background signal. A total 451 

of 66-100% of aliquots of all samples pass the SAR acceptance criteria (Table S1). Single-452 

grain measurements on sample C-L4353 provided ~57% and ~30% bright grains of the IR50 453 

and pIR225 signals, respectively (Table S1), which is in agreement with previous single-grain 454 

pIR-IRSL studies (e.g., Brill et al., 2018; Reimann et al., 2012; Trauerstein et al., 2014). For 455 

the pIR225 signal, 40 grains (i.e., ~22%) were rejected due to saturated dose response curves 456 

(e.g., non-intersecting signals, above two times the characteristic saturation dose D0).  457 

Laboratory experiments on small aliquots showed residual doses of ~0.4-1.3 Gy (IR50) and 458 

~0.7-4.0 Gy (pIR225), representing <2.5% of the natural pIR225 doses (Fig. 4) that indicate 459 

adequate resetting of the different luminescence signals in the laboratory. Residual doses were 460 

subtracted from dose recovery results but showed rather insignificant differences in measured 461 

dose/given dose ratios due to the rather small residual doses (Fig. 4). Most of the samples 462 

showed satisfactory accuracy in the dose recovery experiments within 10% of unity for the 463 

pIR225 signals (Fig. 4). However, some samples yielded dose recovery results laying at the 464 

lowermost acceptance interval, and one sample failed the dose recovery test. Sample C-L4359 465 

yielded a measured dose/given dose ratio of 0.86±0.03. To check if the applied test doses 466 

sufficiently corrected sensitivity changes, we applied the modified SAR protocol of Colarossi 467 

et al. (2018) with an additional IR stimulation at 225 °C for 500 s after each regeneration and 468 

test dose cycle for sample C-L4359. However, dose underestimation due to carry-over of 469 

charge from one regeneration dose cycle to the adjacent test doses does not affect our 470 

samples. This is supported by rather insignificant variation (overdispersion <5%) between 471 

measured aliquots in the dose-recovery experiments of each sample which excludes an 472 

intrinsic origin of scatter in the De data set. At the multi-grain level, we cannot exclude that 473 

saturated individual grains are included in the mean dose that would tend to underestimate the 474 

measured De (Colarossi et al., 2018; Trauerstein et al., 2014). Screening all samples for field 475 

saturation (Huntley, 2006; Kars et al., 2008) showed that both IR50 and pIR225 signals of 476 

sample C-L4357 and C-L4359 are close to or in field saturation. This might be reflected in the 477 

underestimated dose recovery results and doses of ~300 Gy should thus be carefully 478 

considered for further interpretations.  479 

We carried out additional measurements of IR50 and pIR225 signal stability over laboratory 480 

time scales. Fading experiments yielded g-values ranging from 0.12±0.50 to 6.40±0.64 481 

%/decade (IR50) and 0.24±0.64 to 2.79±0.77 %/decade (pIR225) (Supplementary Information 482 

Table S2). This is in agreement with observations by Trauerstein et al. (2014) who measured 483 

g-values of ~1.1-2.5 %/decade for pIR225 signals for fluvial samples from Peru. Our results are 484 



also similar to observations by del Río et al. (2019) who used the pIR-IRSL signal for dating 485 

alluvial samples from the Mejillones Peninsula and the Coastal Cordillera in the central 486 

Atacama. Low fading rates of 1.0-1.5 %/decade have often been interpreted as laboratory 487 

artefacts (e.g., inadequate sensitivity change correction after storage) based on the comparison 488 

with quartz fading rates (e.g., Buylaert et al., 2012). This was also assumed for samples in this 489 

study, so that ages originating from IR50 and pIR225 signals have been corrected when sample 490 

specific fading rates exceed 1%/decade (Supplementary Information Table S2). 491 

 492 

4.2.2 pIR225 dose distributions, bleaching characteristics and De calculation 493 

Samples C-L4350-4352 are expected to have been well exposed to light prior to deposition 494 

due to their aeolian origin (Veit et al., 2015; Wintle, 1993). Low scatter in the dose 495 

distributions with overdispersion (OD) values between ~8 and ~14% (Fig. 5a) show a 496 

homogeneous dispersion. Similarly, samples of marine origin (C-L4339-4342, C-L4357 and 497 

C-L4359) show low to moderate scatter in the dose distributions with OD values between ~7 498 

and ~23% (Fig. 5b). Only sample C-L4359 shows a slightly negatively skewed distribution 499 

(Fig. 5b), which might be the effect of saturated grains within the small aliquots. Whether this 500 

homogeneous dispersion can be related to either well or poorly bleached signals, is evident 501 

from the modern beach sample C-L4314 that showed De values of 0.8±0.04 Gy (IR50) and 502 

3.1±0.14 Gy (pIR225) (Supplementary Information Table S2). These remnant doses are small 503 

as expected in modern beach deposits for the pIR-IRSL225 signals (e.g., Buylaert et al., 2012). 504 

Since the low doses of the modern sample suggest sufficient bleaching during sediment 505 

transport, the associated OD values of ~22% can also be assumed to reflect complete 506 

bleaching. This suggests that the CAM (Galbraith et al., 1999) is suitable for the De and age 507 

calculations of the aeolian (C-L4350-4352) and marine (C-L4339-4342, C-L4357) samples. 508 

Finally, pIR225 De values range between 82±4 and 125±7 Gy (aeolian) as well as 110±7 and 509 

290±20 Gy (marine) (Supplementary Information Table S2). 510 

The alluvial fan samples show a different dose distribution pattern compared to those of the 511 

aeolian and marine samples. Samples from matrix-rich, relatively ‘clast-poor’ alluvial fan 512 

deposits (C-L4353 to C-L4356) show a symmetric distribution and low degree of scatter (OD 513 

between 7-17%) in the multi-grain data set. Similar to marine and aeolian samples, these 514 

results indicate homogeneous resetting of both IR50 and pIR225 signals. However, the modern 515 

analogue sample C-L4313 was collected from a matrix-rich alluvial fan deposit and yielded 516 

high remnant De values of 25.4±0.7 Gy and 28.5±0.7 Gy for the IR50 and pIR225 signals, 517 

respectively. These dose results clearly deviate from the small dose that should have been 518 

accumulated during the two years prior to sampling (2015-event to 2017). Furthermore, the 519 

dose distribution of both pIR-IRSL signals in the modern sample is characterised by low 520 

scatter (~12%, Table S2), similar to its equivalent fossil samples. In combination with the 521 

very similar doses provided by the IR50 and the pIR225 signals, which are known to bleach at 522 



different rates, the dose distributions point to very limited bleaching during transport that 523 

resulted in homogeneous poor bleaching. Although the measured dose distributions suggest 524 

that the CAM is appropriate for the final De calculation (Arnold et al., 2007; Galbraith et al., 525 

1999; Supplementary Information Table S1), we regard the final doses as most likely 526 

overestimated due to insufficient signal resetting during debris-flow transport. The single-527 

grain dose distribution is characterised by a broader, but still normally dispersed pattern with 528 

OD values of ~35-39 %, depending on the pIR-IRSL signal (Fig. S3). Although a larger 529 

spread is evident, there is no clear component of partially bleached grains that might be 530 

removed by statistical treatments (e.g., MAM; Galbraith et al., 1999). Single-grain and multi-531 

grain pIR225 CAM doses are consistent at 1σ of 192±19 Gy and 202±11 Gy, respectively (see 532 

also Supplementary Information). 533 

Samples from clast-rich alluvial fan deposits (C-L4343, C-L4344, C-L4358) show larger 534 

scatter with OD values between 26 and 34% and positive skewness (Fig. 5c). Sample C-535 

L4358 shows a lower OD value of ~16%. Although it might be suggested that multi-grain K-536 

feldspar aliquots may tend to average effects (e.g., Reimann et al., 2012; Trauerstein et al., 537 

2014), the higher overdispersion of sample C-L4344 compared to that of the other facies 538 

points to heterogeneous bleaching during transport. Thus, the MAM (Galbraith et al., 1999) 539 

was used for De calculation. The final De calculation for samples C-L4343 and C-L4358 was 540 

carried out by using the CAM. 541 

Finally, higher overdispersion with small remnant doses has been observed for well bleached 542 

samples, while lower overdispersion with high remnant doses are evident for poorly bleached 543 

samples. Similar observations have been found from glacio-fluvial deposits in Norway (King 544 

et al., 2014). Therefore, taking the overdispersion value as a measure of bleaching should be 545 

interpreted with caution without an appropriate modern analogue sample.  546 

 547 

4.2.3. pIR-IRSL age results 548 

In total 15 samples were dated using pIR-IRSL. Sample C-L4359 were not considered for 549 

further age calculation due to saturation of the luminescence signals. Age estimates are 550 

stratigraphically consistent and multiple pIR-IRSL samples from the same deposit produced 551 

ages in agreement at 1σ (sections V1 and V2a/b) (Fig. 2, Table S1).  552 

In order to check whether fading correction using the Huntley and Lamothe (2001) model 553 

(H+L) is also reliable beyond the linear part of the signal dose response, we used an additional 554 

fading correction model following Kars et al. (2008) (K). The comparison between corrected 555 

IR50 ages between both models (Fig. S4a) show that younger samples (<20 ka) are consistent 556 

at 1σ, while older samples show 10-15% underestimated ages with the H+L model, although 557 

they still match at 2σ. This observation has also been reported by King et al. (2018).  558 



Whilst the H+L model may underestimate ages due to its application beyond the linear part of 559 

the dose response curve, imposing a single saturating exponential function using the Huntley 560 

(2006) model (Kars et al., 2008) may bias the obtained age depending on the form of 561 

laboratory dose response (King et al., 2018). Using a general-order kinetic fit (Guralnik et al., 562 

2015) with the Huntley (2006) model was not possible in our sample set as the dose response 563 

curves are not fully constrained until saturation, resulting in large uncertainties in the fit. We 564 

compared the corresponding pIR225 ages (uncorrected due to fading rates <1%/decade) with 565 

both the K model-corrected IR50 ages (Fig. S4b) and the H+L model-corrected IR50 ages (Fig. 566 

S4c). In theory, IR50 corrected ages should match uncorrected pIR225 ages, providing that the 567 

sample has been well bleached. IR50 age correction by the K model showed slight age 568 

overestimation, while the H+L model yielded 1σ-agreement (Fig. S4c). Furthermore, scatter 569 

in the dose distribution in combination with relatively low precision of our measured fading 570 

rates causes large uncertainties in the modelled ages using the model proposed by Huntley 571 

(2006). Based on the latter observations and on the fact that both models match at 2σ, we 572 

consider the pIR225 ages corrected by the model proposed by Huntley and Lamothe (2001) as 573 

reliable for data interpretation (Table 1). 574 

 575 

4.3 Quartz ESR dating  576 

4.3.1 ESR signal properties of the Al and Ti centres 577 

Against the background that quartz OSL dating has proven challenging in western South-578 

America (e.g., del Río et al., 2019; May et al., 2015; Steffen et al., 2009), we tested ESR 579 

dating of quartz to date the alluvial, marine, and aeolian samples. Although the four quartz 580 

samples yielded measureable ESR intensities for the Al, Ti-Li and Ti-H centres, the signals 581 

generally appear to be significantly weaker than usually observed in Quaternary deposits from 582 

other settings e.g. the Mediterranean area (e.g., Bartz et al., 2018). This required the 583 

modification of several aspects of the standard analytical procedures routinely employed at 584 

CENIEH (e.g., Bartz et al., 2018; Duval et al., 2017).  585 

Because of the very weak ESR intensities, the number of scans had to be significantly 586 

increased in order to achieve an acceptable signal-to-noise (S/N) ratio. A new measurement 587 

procedure was therefore tested by acquiring both the Al and Ti signals in a single ESR 588 

spectrum in order to avoid excessively long measurements for these samples. Still, up to 15 589 

scans were sometimes required for a given aliquot (Fig. 6), resulting in a ~3 hour-long 590 

measurement at low temperature for one single sample. This is, however, about half the time 591 

that would have been required with the standard procedure for samples with such low signal 592 

intensity, i.e. by measuring Al and Ti signals separately. To evaluate a possible impact on the 593 

De estimates, a comparative study was performed and some of the ESR samples (3/4) were 594 

measured following the “standard” and “single spectrum” procedures (see numerical results in 595 

Supplementary Information Table S3). Two samples (C-E4353 and C-E4357) show highly 596 



consistent results for the Al and Ti signals, which are within 1σ-agreement for 7/8 signal 597 

options. No systematic bias is observed between the two procedures. Sample C-E4352 shows 598 

more contrasted results, with results consistent at 1σ only obtained for 1/4 signal options. 599 

Nevertheless, a 2σ-agreement is found for 3/4 signal options. The higher scatter observed for 600 

this sample is most likely not due to the different measurement procedures but rather results 601 

from the magnitude of the De estimates calculated for both Al and Ti centres, which are the 602 

lowest of the data sets (Table S3). The very weak ESR intensities measured for this sample 603 

(Fig. 6) have not only a direct impact on the poor De repeatability achieved (Table 4), but also 604 

require a baseline correction, which is almost not possible with the standard procedure.  605 

While samples C-E4353 and C-E4358 show typical ESR spectra (Fig. 6a), samples C-606 

E4352 and C-E4357 present weak ESR signal intensities and non-horizontal baselines (Fig. 607 

6b). Consequently, they both require a baseline correction, which can be performed by using 608 

low and high magnetic field domains within each spectrum that is free of ESR signals. The 609 

impact of the baseline correction decreases when the signal intensities get stronger, meaning 610 

that baseline correction gets more insignificant for aliquots irradiated at higher doses (Fig. 6). 611 

ESR intensities of the bleached aliquots of the Al centre are mostly (n=3 of 4) within a 612 

relatively narrow range between ~49 and ~57%, while sample C-E4353 shows a higher 613 

bleaching coefficient of ~77% (Table 2). According to Duval et al. (2017), those differences 614 

are common because the height of the bleachable ESR intensity is sample dependent, although 615 

sample C-E4353 shows a very low residual Al ESR intensity. In contrast, the Ti signals 616 

usually do not display an unbleachable signal component (Duval et al., 2017; Tissoux et al., 617 

2007), although it may have been clearly reported in previous studies (Beerten and Stesmans, 618 

2007; Tsukamoto et al., 2017). Here, UV-bleached aliquots of samples C-E4352 and C-E4357 619 

yielded measurable ESR intensities for the Ti centres at the corresponding g factors that 620 

apparently exceed background noise, even after SOL light exposure of 1500 h. However, this 621 

was rather interpreted either as an artefact resulting from the baseline correction on a noisy 622 

spectrum, or as another overlapping weak ESR signal of unknown origin, than a proper 623 

unbleachable residual ESR signal (Supplementary Information Fig. S5). Measured ESR 624 

intensities of the bleached aliquots after baseline correction compared to those of the natural 625 

signals of samples C-E5352 and C-E4357 still range between 20 and 45% for Ti centre option 626 

D as well as 68 and 71% for Ti-H centre. Consequently, this signal artefact, or interfering 627 

signal, was subtracted from the measured Ti ESR intensities of the bleached aliquot from all 628 

aliquots in the DRC as recommended for the Al centre by Voinchet et al. (2003).  629 

 630 

4.3.2 Fitting results 631 

4.3.2.1 Al centre 632 

The Al centres (Table 2) of all samples show ESR intensities with satisfactory variability 633 

between 1.7 and 2.9% and an overall good De repeatability (<5%). Consequently, final De 634 



values were calculated by considering the average of six ESR intensities (i.e., corresponding 635 

to 2 repeated measurements with 3 rotations each). The DRCs of the Al centre (Fig. 7) of the 636 

samples do not reach saturation at high doses up to 12 kGy. The EXP+LIN function shows 637 

excellent goodness-of-fit with adjusted r² values >0.994, resulting then in De uncertainties of 638 

≤11.7% (Fig. 8, Table 2). The low measurement and De variability (Fig. 8), combined with 639 

high goodness-of-fit, indicate the reliability of the fitting results obtained for the Al centre. 640 

Finally, resultant De values (Table 2) were 190±8 Gy (C-E4352), 424±38 Gy (C-E4353), 641 

310±29 Gy (C-E4357) and 281±34 Gy (C-E4358). 642 

 643 

4.3.2.2 Ti centres 644 

As expected, the DRCs of the Ti centres are different from those of the Al centre (Fig. 7). 645 

The Ti options A and D show a dose response with an increasing trend up to 12 kGy. Only the 646 

Ti-H centre seems to saturate much earlier with the dose at ~6 kGy (Fig. 7), which is 647 

consistent with previous observations (e.g., Duval and Guilarte, 2015; Tissoux et al., 2007).  648 

Ti centre options A and D present a similar pattern (Fig. 7). ESR intensity repeatability 649 

varies slightly between 1.8-6.0% and 2.2-4.9%, respectively (Table 3, see also Supplementary 650 

Information Table S4). Good De repeatability of <8% and <6% has been achieved for options 651 

A and D, respectively (Fig. 8). The SSE function resulted in excellent goodness-of-fit for 652 

samples C-E4353, C-E5357 and C-E4358 with adjusted r² values of >0.992 for both options A 653 

and D (Fig. 8). De values derived from option A are mostly (3/4) within 1σ-uncertainty with 654 

those using option D. Only sample C-E4352 shows slightly higher variations, which may be 655 

explained by the moderate fitting results (adjusted r² value of ~0.98; Fig. 8). However, the 656 

comparison between De values derived from Ti options A and D shows consistent results at 657 

2σ. Ti centre option D is usually assumed to be the best choice to date Pleistocene samples 658 

(e.g., Duval et al., 2015) and due to the overall consistency with Ti option A, we consider 659 

final De values of Ti option D as reliable for further age calculation. Final De values of Ti 660 

option D were 96±10 Gy (C-E4352), 460±25 Gy (C-E4353), 493±30 Gy (C-E4357) and 661 

213±15 Gy (C-E4358) (Table 3).  662 

The Ti-H centre (option C) shows measurable ESR intensities that represent ~14-20% of 663 

those of the Ti centre option A. As expected, ESR intensity repeatability is with ~10-21% 664 

worse than Ti centre option D (Table 3) (e.g., Duval and Guilarte, 2015). While samples C-665 

E4353 and C-E4357 show De repeatability of ~13 and ~9%, samples C-E4352 and C-E4358 666 

represent larger variations of ~23% or even ~60%, respectively (Fig. 8). The latter directly 667 

resulted in poor goodness-of-fit with the SSE function showing adjusted r² value of ~0.964 668 

(Fig. 8) and a relative De uncertainty of 18% (Table 3). This is not the case of the other three 669 

samples where a moderate goodness-of-fit has been achieved with adjusted r² values between 670 

0.981 and 0.989, resulting in De uncertainties of 9-12%. When considering the mean De of all 671 



ESR intensities for a given sample, final De values resulted in 137±14 Gy (C-E4352), 324±31 672 

Gy (C-E4353), 346±41 Gy (C-E4357) and 187±33 Gy (C-E4358) (Table 3). 673 

For sample C-E4352, the De discrepancy (81±7 Gy vs 137±14 Gy) between the standard 674 

and single spectrum procedure (Table 3) appears to be partly due to the evaluation of the 675 

remaining ESR intensity in the spectrum of the bleached aliquot, which is especially variable 676 

for the single spectrum approach. While the non-corrected ESR DRCs of sample C-E4352 are 677 

relatively similar for the two measurement procedures (Fig. S6a), they significantly differ 678 

after subtraction of the signal artefact (Fig. S6b). The resulting DRC shows a regular 679 

goodness-of-fit that is lower than that achieved with the standard approach (0.993 vs 0.989).  680 

 681 

4.3.3 De comparison between the different centres 682 

The Al centre of 3 out of 4 samples provides much higher De values within confidence 683 

interval (Fig. 8) than the Ti option D or the Ti-H centres. Only sample C-E4357 shows a 684 

different dose pattern, where the Al and the Ti-H centres match at 1σ and the Ti option D 685 

presents the highest De estimate. Since the Ti centre option D is measured at g = 1.913 and is 686 

most likely influenced by a contribution of the Ti-H centre (Duval et al., 2017), it might be 687 

assumed that the higher De value of the Ti centre option D is influenced by a contribution of 688 

Ti-H, which may then overestimate the De value of the Ti centre option D (Beerten and 689 

Stesmans, 2006). The Ti-H centre provides mostly the lowest De values compared to those of 690 

the other centres, which was expected due to the faster bleaching kinetics and the principles of 691 

the MC approach (Duval et al., 2017; Toyoda et al., 2000).  692 

One exception is sample C-E4352, where the De value derived from the Ti-H centre 693 

(137±14 Gy) with the single spectrum procedure clearly overestimate the Ti (D) dose by 694 

~44%. Based on the principles of the MC approach (Toyoda et al., 2000), we can reasonably 695 

exclude that the Ti-H centre has been less bleached than the Ti centre option D. We instead 696 

interpret such dose differences with the potential issue of applying ESR dating of quartz over 697 

low dose ranges <200 Gy (Duval et al., 2017; Méndez-Quintas et al., 2018), as this sample 698 

displays the lowest De values of the ESR data set. Additionally, we do not exclude that this 699 

unexpected pattern may partly be due to the combination of limited goodness-of-fits (adjusted 700 

r2 <0.99, the lowest values of the Ti centre data set; Table 3) and regular to poor De 701 

repeatability (6% and 23%, the highest values of the Ti centre data set; Table 3) achieved for 702 

this sample. Additionally, one may observe that the standard measurement procedure yielded 703 

a De estimate of 81±7 Gy, i.e. much lower than the 137±14 Gy initially obtained from the 704 

single spectrum acquisition (see comparative Table S3 and Fig. S6). This result is slightly 705 

smaller than the Ti-Li De value (96±10 Gy), and is actually more consistent with the expected 706 

bleaching pattern typically offered by the MC approach. In summary, there is a series of 707 

evidence (see also section 4.3.2.2) suggesting that the reliability of the De value obtained for 708 

C-E4352 and derived from the single spectrum procedure may be reasonably questioned 709 



compared to that from the standard measurement procedure. Thus, the standard procedure will 710 

be considered for the Ti-H centre of this sample for further discussion.      711 

 712 

4.3.4 ESR age results 713 

The four samples were dated to the Late Pleistocene using the Al and Ti centres. Final age 714 

results can be found in Table 1. ESR ages range from 92±5 ka to 108±10 ka for the Al centre, 715 

from 46±5 ka to 151±13 ka for the Ti-Li centre option D and from 39±4 to 106±14 ka for the 716 

Ti-H centre (Fig. 9). Following from prior investigations of the MC approach, the ESR-Al 717 

estimates should be in first instance interpreted as maximum possible ages for the deposits. 718 

 719 

5. Reliability of pIR-IRSL and ESR ages for coastal alluvial fan complexes 720 

5.1 Comparison with existing chronological data  721 

The only independently dated neighbouring site is Caleta Michilla (Fig. 1), where 722 

Holocene and Late Pleistocene marine terraces were dated by amino acid racemisation of 723 

mollusc shells (Leonard and Wehmiller, 1991). The authors reported a MIS 5 age (80-125 ka) 724 

for the marine terrace. The seaward edge of the terrace has been found at ~20 m a.s.l., i.e. 725 

similar to the marine terrace observed at VIR (Fig. 2). However, they have not differentiated 726 

between the different substages of the MIS 5-sea-level highstand. The V2a/b sections at VIR 727 

provide consistent pIR225 ages for three samples (C-L4339, C-L4341 and C-L4342) from the 728 

same palaeo-beach horizon (Fig. S1n-o), which has been dated to 87±10 ka (pIR225 mean age 729 

from samples C-L4339, C-L4341 and C-L4342), which would suggest sea-level highstands 730 

during MIS 5a or MIS 5c, considering the 1σ-confidence interval of the luminescence ages. 731 

The underlying upper shoreface sediments, also found at Gatico (Hartley and Jolley, 1999) 732 

(Fig. 1), date to MIS 5e (pIR225 age of 120±10 ka for C-L4340) in the present study. Hartley 733 

and Jolley (1999) suggested a Middle Pleistocene age for these deposits but provided no 734 

numerical age constraint. 735 

Radtke (1989) described the last interglacial (MIS 5) marine terrace ca. 70 km north of the 736 

SEC site (Fig. 1). In his study, ESR ages of mollusc shells of 96-118 ka support a formation 737 

of the marine terrace at an elevation from ~12 to ~22 m a.s.l. during MIS 5e. This terrace has 738 

a similar elevation as marine deposits at the SEC site, where the S2 section (~10 m a.s.l, shore 739 

angle approx. at ~20 m a.s.l.) has been dated to 95±11 ka (mean age from pIR225, Al and Ti-H 740 

centres; C-L/E4357). The consistency between the luminescence and ESR age results also 741 

shows that saturation is still not an issue for sample C-L4357, in contrast to sample C-L4359 742 

where only a minimum age can be calculated (>110 ka). The age result of sample C-L4357  743 

demonstrates a marine accumulation during the last interglacial in agreement with Radtke 744 

(1989). Similar observations exist from Punta Patache ~20 km north of the SEC site (Ratusny 745 

and Radtke, 1988) (Fig. 1).  746 



Based on the agreement between our ESR and pIR225 dating results and existing 747 

chronological information in the area (Hartley and Jolley, 1999; Leonard and Wehmiller, 748 

1991; Radtke, 1989; Ratusny and Radtke, 1988), we consider the ESR and pIR225 ages as 749 

reliable for further geomorphological interpretations. 750 

 751 

5.2 Remnant ages in modern samples 752 

Modern analogue samples show insignificant remnant doses for the beach deposit at VIR, 753 

which further suggests sufficient bleaching of the marine terrace deposits and that our 754 

luminescence dating results are robust. In contrast, high remnant doses have been observed in 755 

the 2015-event alluvial fan deposit (debris-flow deposit).  756 

One may conclude that the dose distribution of both pIR-IRSL signals in the modern 757 

alluvial fan sample show a homogeneous poorly bleached dose distribution. Based on this 758 

assumption, one may assume that subtracting a remnant dose of ~29 Gy (pIR225; Table 1) of 759 

the matrix-rich alluvial fan samples at sections G2 and S1 may be appropriate (e.g., Brill et 760 

al., 2018; Ollerhead and Huntley, 2011). The four samples would then result in 174±10 Gy 761 

(C-L4353), 123±7 Gy (C-L4354), 34±2 Gy (C-L4355) and 42±3 Gy (C-L4356), representing 762 

80-85% (section G2) and 55-60% (section S1) of the measured doses. However, whether 763 

these corrected palaeodoses are representative of the true burial doses of the alluvial fan 764 

samples is questionable. Kars et al. (2014) stated the difficulties to find appropriate modern 765 

analogue samples due to undefined preservation potential and process characteristics such as 766 

mode or duration of transport (e.g., Jain et al., 2004). In our setting, complex depositional 767 

histories of alluvial fans with differences in sedimentary process (e.g., debris flows, 768 

hyperconcentrated flows, sheet flows; Hartley et al., 2005) hamper appropriate modern 769 

analogue sampling. Therefore, further modern analogue samples from similar alluvial fan 770 

deposits compared to our fossil samples should be processed before considering remnant dose 771 

correction for further geomorphological interpretations. 772 

Assuming a similar environmental dose rate to the older matrix-rich debris-flow samples at 773 

the G2 or S1 sections (GUA and SEC, respectively; Fig. 2) of ~4.5 Gy/ka, such remnant doses 774 

of ~30 Gy correspond to ~6.3 ka (pIR225). These remnant ages suggest insufficient bleaching 775 

prior to deposition. Porat et al. (1997) measured remnant ages for the IRSL signal of K-776 

feldspars of the same order of magnitude for alluvial fan samples from Israel. Given the better 777 

bleaching characteristics of the IRSL signal compared to those of pIR-IRSL (Buylaert et al., 778 

2009), even higher remnant ages are expected for the pIR-IRSL signal; this has also been 779 

reported for the pIR225 signal of alluvial samples from Peru (Trauerstein et al., 2014).  780 

To date, it remains difficult to distinguish to which extent alluvial fan deposits have 781 

experienced signal resetting during transport. The results on the modern sample rather suggest 782 

that the matrix-rich alluvial fan deposits are not satisfyingly bleached prior to deposition and a 783 

remnant age of ~6 ka would result in a significant age overestimation for fossil samples. Thus, 784 



pIR-IRSL age estimates of matrix-rich alluvial fan deposits should be interpreted with caution 785 

and regarded as possible maximum ages. In order to achieve improved dating accuracy of the 786 

insufficiently bleached samples and to better quantify the remnant doses, more K-feldspar 787 

single-grain measurements especially from modern analogue samples (e.g., Reimann et al., 788 

2012; Trauerstein et al., 2014) or lower pIR temperature protocols (e.g., Brill et al., 2018) may 789 

be considered for future dating studies. 790 

 791 

5.3 Averaging effects in small aliquots 792 

One may argue that bleaching characteristics at a multi-grain level are difficult to detect 793 

due to averaging effects in the measurement of small aliquots (e.g., Bonnet et al., 2019; 794 

Reimann et al., 2012; Trauerstein et al., 2014) for luminescence dating. Based on grain 795 

counting statistics (e.g., Burow et al., 2015), it can be expected that a 100-150 µm grain size 796 

sample mounted on a small aliquot (1 mm) consists of 20-50 grains, resulting in our study in 797 

6-15 grains that emit a relatively bright pIR225 signal. Although only a few luminescent grains 798 

are on a small aliquot, signal averaging effects may be evident. Single-grain measurements on 799 

sample C-L4353 were performed to gain insights into intra-aliquot scatter of fossil matrix-rich 800 

alluvial fan deposits. The consistency at 1σ between the single-grain and multi-grain pIR225 801 

CAM doses (192±19 Gy and 202±11 Gy, respectively), shows that an averaging affect may 802 

not be that significant in 1 mm-aliquots, at least not in sample C-L4353. Due to the fact that 803 

saturated grains are rejected prior to De calculation on a single grain basis, these saturated 804 

doses would likely change the true burial dose on a multi-grain level.  805 

Moreover, the consistency between pIR225 and ESR ages for sample C-L4358 shows that 806 

averaging effects might be small compared to other studies (Bonnet et al., 2019; Reimann et 807 

al., 2012). If the latter scenario were not true, an agreement between different ESR signals and 808 

the luminescence results would rather be unrealistic.  809 

 810 

5.4 Bleaching behaviour of the pIR225 and ESR signals during sediment transport 811 

Based on the different bleaching kinetics of the pIR225, Ti-H, Ti-Li and Al signals, where 812 

the pIR225 and the Al signals show the fastest and the slowest bleaching rates, respectively, an 813 

agreement between the different signals may only be assumed when the samples had been 814 

well bleached during sediment transport (Arnold et al., 2015; Buylaert et al., 2012; Duval et 815 

al., 2017; Toyoda et al., 2000). This is however highly dependent on the transportation mode 816 

before burial (Fig. 9). 817 

The Ti-H centre and the Al centre of sample C-L/E4357 agree well at 1σ with the pIR225 818 

age of the marine deposit. Although all of these signals are known to display different 819 

bleaching rates, the age consistency indicates their complete optical bleaching prior to 820 

deposition. This is also supported by the modern beach sample C-L4314. Also, based on the 821 



comparison with independent age control close to the VIR site (Leonard and Wehmiller, 822 

1991) and the very small remnant pIR-IRSL dose of the modern beach sample, we consider 823 

all trapped charge dating signals (pIR225, Ti-H and even the Al centre) as reliable and robust 824 

tools to date marine terrace deposits in N Chile.  825 

Sample C-L/E4358 collected from clast-rich alluvial fan deposits shows a 1σ-agreement 826 

between the pIR225, Ti-H and Ti (D) ages. Based on the principles of the MC approach 827 

(Toyoda et al., 2000), it can be assumed that these three signals were sufficiently reset during 828 

fluvial transport until their maximum bleaching levels, although the transport distance is 829 

rather short from the Coastal Cordillera to the Pacific Ocean. This is in agreement with 830 

bleaching experiments of the Al and Ti centre signals in modern fluvial samples from a 831 

longitudinal river profile in France (Voinchet et al., 2007), which demonstrates that the 832 

maximum bleaching level of the different centres may be achieved even after a short distance 833 

(within 1 km) from the river source. However, the short-term highly-energetic alluvial fan 834 

transport conditions most likely did not lead to a complete resetting of the Al signal, as 835 

evidenced by the age overestimation derived from this centre. Based on our observations, it 836 

might be assumed that the different Ti centres and the pIR-IRSL signals are able to reliably 837 

constrain the age of alluvial fan deposits that are transported as coarser alluvial fan sediment. 838 

OSL signals from aeolian deposits are usually expected to be well bleached prior to 839 

deposition (Wintle, 1993); this might also be true for pIR-IRSL signals (Veit et al., 2015). 840 

Concerning the aeolian sample C-L/E4352, the Ti (D) centre age is older by about +30%, 841 

which may simply be the result of the slower bleaching rate achieved by this ESR signal. In 842 

comparison, Ti-H signal is known to optically bleach much faster and using the standard 843 

measurement procedure an age of 39±4 ka was obtained which is 2σ-consistent with the pIR 844 

age. Tissoux et al. (2010) described partially bleached Ti centre signals in aeolian samples 845 

from Nussloch (Germany), which show overestimated ages compared to their OSL ages. 846 

Unlike the present work, previous studies have reported sufficient bleaching rates in the Ti 847 

centres of aeolian desert samples (e.g. Beerten and Stesmans, 2007). We would consider in 848 

first instance that the slightly overestimated De value derived from the Ti-H centre is most 849 

likely linked to the inherent uncertainty associated to the evaluation and determination of such 850 

weak ESR signals and De values (<100 Gy). Nevertheless, the 2σ-consistency between ESR 851 

(Ti-H) and pIR-IRSL results (Table 1; Fig. 9) promisingly suggests that the methods may 852 

provide reliable age constraints for aeolian samples from hyper-arid environment.  853 

Sample C-L/E4353 shows rather unsatisfying agreement between pIR-IRSL and ESR 854 

dating. While the pIR225 age yielded debris-flow deposition of ~50 ka, ESR ages are 855 

overestimated by +60% with the Ti-H centre and even more (+110%) with the Al centre or Ti 856 

centre option D. Modern sediments collected from the alluvial fan 2015-event at VIR (Fig. 1) 857 

gave key insights into bleaching characteristics during matrix-rich debris-flow transport for 858 

the pIR225 signal. The modern sample clearly suggests an incomplete signal reset during 859 

transport. Given that pIR225 shows a faster bleaching rate than all ESR signals (Arnold et al., 860 



2015; Duval et al., 2017; Toyoda et al., 2000), we can reasonably consider that all signals 861 

(including pIR225) most likely overestimate the true burial age. Therefore, the youngest age 862 

corresponding to the pIR225 signal should be considered as maximum possible age for matrix-863 

rich debris-flow deposition in this area. 864 

Generally, it appears that the mode of sediment transport of alluvial fans – either as matrix-865 

rich deposits from cohesive flows (e.g., Wells and Harvey, 1987) or as clast-rich deposits 866 

from non-cohesive water flows (e.g., Blair and McPherson, 1994) – plays an important role in 867 

sediment bleaching. Due to the different dose dispersions and results from the modern 868 

analogue sample in the pIR225 signal experiments, we assume that both clast- and matrix-rich 869 

alluvial fan deposits, relatively rich or poor in clasts, respectively, are incompletely bleached. 870 

However, while the latter consist of a homogenous pattern of partially bleached grains, the 871 

former likely represents a heterogeneous pattern, which can then be handled with statistical 872 

treatments. Trauerstein et al. (2014) recommended the use of single grains to deal with partial 873 

bleaching and to avoid signal averaging effects on small aliquots. However, the 1 mm aliquot-874 

size seems to be appropriate to remove insufficiently bleached aliquots from the De data set. 875 

The consistency with the even lesser light-sensitive Ti-H centre suggests the reliability of the 876 

clast-rich alluvial fan age estimates. This was, however, not the case for the matrix-rich 877 

alluvial fan deposits (Fig. 9). 878 

The results suggest that the samples can be grouped into sufficiently bleached and 879 

insufficiently bleached specimens (Fig. 9). The former comprises the aeolian and marine 880 

samples, while the latter display samples originating from alluvial fan transport. However, 881 

given the increasing improvement of bleaching from the Al centre over the Ti-Li centre to the 882 

Ti-H centre and then to the pIR225 signal, the agreement between the different signals for most 883 

of the samples shows a good potential for dating alluvial fan, marine and aeolian deposits in 884 

arid environments. 885 

 886 

5.5 Reliability of ESR dating applied to Late Pleistocene deposits 887 

Thermal stability of both Al and Ti-Li centres suggests that ESR dating of quartz should 888 

potentially cover the whole Quaternary (Toyoda, 2015 and references therein). These two 889 

centres have proven their reliability to date quartz grains from Early- to Middle Pleistocene 890 

sediment (e.g., Bartz et al., 2018; del Val et al., 2019; Duval et al., 2017, 2015; Kreutzer et al., 891 

2018; Sahnouni et al., 2018; Sancho et al., 2016; Tissoux et al., 2007; Voinchet et al., 2019). 892 

In contrast, the exact potential of the ESR method to date Late Pleistocene deposits remains 893 

somewhat unknown, as the number of application studies is rather rare, and especially with 894 

existing independent age control (see a non-exhaustive list in Table 4).  895 

For this time range, the Ti-H centre should theoretically be most appropriate to detect low 896 

dose values due to its higher radiation sensitivity and faster bleaching rates compared to those 897 

of the Al and Ti-Li centres (Duval et al., 2017; Duval and Guilarte, 2015; Tissoux et al., 898 



2007). However, Ti-H is also known to be the centre with the lowest ESR intensities, which 899 

are often difficult to detect and directly reflected in low measurement repeatability (Duval and 900 

Guilarte, 2015). This holds also true for the Ti-H centre measured in the Chilean samples 901 

(Table 3). Poor to moderate goodness-of-fit are the results from weak ESR intensities (14-902 

20% of Ti option A) and poor measurement repeatability (Table 3). However, samples C-903 

E4357 and C-E4358 show excellent agreement with the pIR-IRSL results at doses >200 Gy. 904 

The Ti-H ESR age of sample C-E4352 (whose De is <100 Gy) still matches the pIR age at 2σ, 905 

although the former yielded a slightly older estimate (Fig. 9). A similar pattern has been 906 

observed in one sample from Porto Maior (Spain) where the Ti-H centre also clearly 907 

overestimates the luminescence age results (Sample MIN1401 in Table 4; Méndez-Quintas et 908 

al., 2018). Part of this overestimation may be due to insufficient bleaching during sediment 909 

transport, but other factors such as a lower radiation sensitivity of this ESR signal compared 910 

to pIR-IRSL, or a limited detection level using the MAAD procedure, may also play a non-911 

negligible role (see also Kreutzer et al., 2018; Méndez-Quintas et al., 2018). For example, the 912 

results obtained by Beerten et al. (2006) suggest that the MARD method is perhaps more 913 

suitable to detect low De values <100 Gy. In this case, the Ti-H dose estimates are consistent 914 

with those derived from OSL for doses ranging from 0 to ~75 Gy, whereas the Ti-Li results 915 

are instead strongly and systematically overestimated. The De value of ~50 Gy obtained from 916 

the multiple grain ESR analyses of modern sediment sample MS9 is the smallest value 917 

reported in the literature for the Ti-Li centre (Table 4). 918 

Most of the ESR dating studies employ the MAAD procedure, and the cases for which Ti-919 

H age result is in agreement with independent age control systematically involves De values 920 

>100 Gy. An aeolian sample from the Medoc area, France (Bosq et al., 2019), showed 921 

consistent ages between ESR and infrared-radiofluorescence (IR-RF) dating of K-feldspars 922 

with a Ti-H centre dose of 90±23 Gy (Kreutzer et al., 2018), although the uncertainties are 923 

worse than for other signals due to low ESR intensities (~25-30% of Ti option A). More 924 

recently, Méndez-Quintas et al. (2019) showed consistent results between ESR (Ti-H) and 925 

pIR-IR methods for one sample (VI1201) from Arbo site (Spain), while the second sample 926 

(VI1202) displayed a significantly overestimated ESR age result (Table 4). The two samples 927 

are located in a high dose rate environment (>4500 µGy/a), and the magnitude of the De 928 

values involved is >100 Gy. The discrepancy observed between ESR and pIR-IR results for 929 

sample VI1202 may originate from the De value and the regular goodness-of-fit achieved for 930 

the ESR DRC. One may also observe that for both samples the ESR age errors are larger than 931 

those achieved with luminescence. This is basically true for all samples of Table 4 showing 932 

consistent ESR and luminescence ages: the ESR age error is systematically higher, which is 933 

mostly due to the higher uncertainty induced by the MAAD commonly used for the ESR dose 934 

reconstruction.  935 

These various studies show the overall potential of the Ti-H centre to date Late Pleistocene 936 

samples, although the ability of this centre to detect low doses appears to be highly dependent 937 



on the amplitude of the ESR intensity measured in a given sample, which may directly impact 938 

measurement and De repeatability (Duval and Guilarte, 2015). For example, although low 939 

ESR intensities have been measured for the Ti-H centre in the Chilean sample C-E4352, it has 940 

nevertheless been possible to evaluate a De value <100 Gy. In contrast, Al and Ti-Li centres 941 

offer in first instance a smaller potential to detect dose values <200 Gy. For example, Table 4 942 

shows that apparently no dose estimate <150 Gy has ever been measured with the Al centre. 943 

This may be considered as a fair estimate of the minimum dose detection limit achieved with 944 

this centre. Despite its slower bleaching kinetics and lower radiation sensitivity compared 945 

with the Ti centres, the Al signal can nevertheless sometimes yield accurate dating results (C-946 

E4357). In other situations, it may provide a useful maximum age constraint, when ESR 947 

intensities of the Ti centres appear to be too weak to extract meaningful dose estimates.  948 

In summary, the Ti-H centre appears to have the most suitable ESR signal to detect dose 949 

values <100 Gy, although it sometimes seems to overestimate the true burial dose. In this 950 

case, the MARD approach may provide more accurate results than the MAAD. In 951 

comparison, in medium to relatively high dose rate environments, the Ti-H may provide 952 

accurate dose estimates when the burial dose is in the range of a few hundreds of Gy (e.g., 953 

sample C-E4357, Table 1). However, the systematic measurement of Al, Ti-Li and Ti-H 954 

appears to be necessary in order to overcome the individual limitations of each centre, which 955 

may punctually result in unreliable dose estimate due to, among others, weak ESR intensities, 956 

poor dose repeatability of scattered DRCs. This, in turn, endorses the usage of the MC 957 

approach in Late Pleistocene environments such as the coastal Atacama Desert in northern 958 

Chile. 959 

 960 

6. Conclusion 961 

This study presents the first application of different trapped charge dating techniques to 962 

sediments from coastal alluvial fans (CAF) from the Atacama Desert. The data presented in 963 

this study indicate that deposits originating from aeolian and littoral transport may be 964 

considered as sufficiently bleached prior to deposition. The agreement between pIR225 and 965 

ESR ages reveals that both techniques are able to reliably constrain the burial age of these 966 

deposits, even despite their slower bleaching rates relative to quartz OSL signals. In 967 

particular, the consistency with independent age control at comparable coastal sites between 968 

21° and 23°S supports the robustness of the first pIR and ESR ages from marine sites.  969 

Of special interest are the results for alluvial fan deposits transported as clast-rich alluvial 970 

fan deposits. Despite short and rapid sediment transport, pIR-IRSL signal and even the Ti 971 

centre signals can be reliably used to date clast-dominated alluvial fan deposits. In contrast, 972 

this study reveals the challenge of dating alluvial fan deposits originating from matrix-rich 973 

flow deposits. It seems that the grains have likely not experienced enough exposure to light 974 



during cohesive alluvial fan transport. This is supported by high remnant ages from modern 975 

matrix-rich debris-flow sediments.  976 

Averaging effects in small aliquots (1 mm used in this study) cannot be excluded, but it 977 

seems that the effect on the final burial dose is rather insignificant based on the agreement 978 

between ESR and luminescence dose results. However, this assumption should be considered 979 

in future studies by systematically using single grain measurements in comparison to small 980 

aliquots. 981 

Moreover, this study shows the high potential of using the MC approach over Late 982 

Pleistocene time scales where low ESR intensities may hamper the use of the Ti-H centre. In 983 

the case of the Chilean samples, the Ti-Li and Al centres can still be used as valuable 984 

alternatives, but worse bleaching behaviour should be accounted for.  985 

Our investigation presents an unprecedented research to use different trapped charge dating 986 

techniques as inter-method comparison when a direct independent age control is either limited 987 

or not available. The combination of pIR-IRSL of K-feldspars and the MC approach in ESR 988 

dating of quartz can be considered as a promising tool to decipher Late Pleistocene landscape 989 

dynamics in a hyper-arid desert environment. 990 
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 1422 

Figure captions 1423 

Fig. 1: Study area and locations of studied coastal alluvial fans (CAF, modified after Walk et 1424 

al., 2019a; DigitalGlobe satellite images from Esri, 2018), namely Río Seco (SEC), Guanillos 1425 

(GUA) and Caleta El Fierro (VIR, “Virgen del Camino”). The satellite images indicate the 1426 

locations of the various sections in each studied area. At the VIR site, the sampling sites of the 1427 

modern analogue samples from the modern beach and the 2015-event are marked as white 1428 

crosses. Independent age information on marine terrace records (red circles) are given at (1) 1429 

Caleta Michilla (Leonard and Wehmiller, 1991), (2) Gatico (Hartley and Jolley, 1999), (3) 1430 

Punta Patache (Ratusny and Radtke, 1988) and (4) south of Iquique, golf club (Radtke, 1989). 1431 

Fig. 2: Stratigraphical logs of coastal alluvial fans and marine terraces in the three study areas 1432 

SEC, GUA and VIR with chronological results. mrhf = matrix-rich hyperconcentrated flow; 1433 

crhf = clast-rich hyperconcentrated flow;  df = debris flow. Note: Luminescence signals of 1434 

sample C-L4359 are saturated and, thus, only a minimum age is presented. 1435 

Fig. 3: Decay and dose response curves (DRC, insert) of a marine (C-L4340), an alluvial (C-1436 

L4343) and an aeolian (C-L4350) sample. DRCs of the samples have been fitted by a single 1437 

saturating exponential function. Open circles denote the sensitivity-corrected natural pIR225 1438 

signal (Ln/Tn), while filled circles denote the sensitivity-corrected regenerated pIR225 signals. 1439 

Fig. 4: Results of laboratory experiments of the pIR225 signals. Dose recovery (black circles) 1440 

and residual dose (unfilled circles) experiments. The grey bar shows the acceptance interval of 1441 

the measured dose to given dose ratio within 10% of unity (0.9-1-1). 1442 

Fig. 5: Equivalent dose (De) distributions of the pIR225 signals of samples from a) aeolian, b) 1443 

marine, and c) alluvial (clast-rich alluvial fan deposit) origin. Data are displayed as a 1444 

combination of a radial plot and a kernel density estimate (KDE) plot (Galbraith and Green, 1445 

1990), generated as abanico plot (Dietze et al., 2016). n = number of grains; the dashed line 1446 

indicates the De calculated by using the central age model (CAM; Galbraith et al., 1999). 1447 

Fig. 6: ESR spectra of sample C-E4353 (alluvial fan deposit) and C-E4352 (aeolian deposit) 1448 

showing the ESR signals from the Al and Ti centres. Both Al and Ti signals have been 1449 

acquired in a single spectrum with baseline correction (quadratic function). 1450 

Fig. 7: ESR dose response curves (DRC) of the different centres (Al, Ti options A and D, Ti-1451 

H) of all ESR samples measured following the single spectrum approach. The 1452 

exponential+linear function was used to fit the data points of the Al centre, while the DRC of 1453 

the Ti centres was fitted with a single saturating exponential function. Data points were 1454 

weighted by the inverse of the squared ESR intensity (1/I²). The ESR DRCs obtained for the 1455 



Ti-H centre measured in sample C-E4352 using the standard measurement procedure is 1456 

displayed in Supplementary Information Fig. S6.  1457 

Fig. 8: ESR data (De values, fitting results and De repeatability) derived from the 1458 

measurement of the Al and Ti centres. Al ESR intensities were fitted by using the 1459 

exponential+linear (EXP+LIN) function. Ti ESR intensities were fitted with the single 1460 

saturating exponential function (SSE) function. Data points were weighted by the inverse of 1461 

the squared ESR intensity (1/I²) to reduce the leverage of high dose points. The goodness-of-1462 

fit is assessed through the adjusted r-square (r²) value, which accounts for the degree of 1463 

freedom of the system. De repeatability is based on the variability of the De values obtained 1464 

after each day of measurement. Note: the ESR data displayed for the Ti-H centre measured in 1465 

sample C-E4352 are derived from the standard measurement procedure (see further details in 1466 

the text).  1467 

Fig. 9: Chronological constraints for the coastal alluvial fans based on K-feldspar pIR225 1468 

signals and quartz ESR Al and Ti centre signals. Filled symbols show samples that have been 1469 

considered to be sufficiently bleached and present reliable age results, while unfilled symbols 1470 

display age results that are likely be overestimated due to insufficient bleaching during 1471 

sediment transport. Note: the ESR data displayed for the Ti-H centre measured in sample C-1472 

E4352 are derived from the standard measurement procedure (see further details in the text). 1473 

 1474 

Table captions 1475 

Table 1: Dose rate and age data of pIR-IRSL and ESR dating of K-feldspar and quartz, 1476 

respectively. pIR ages are fading corrected following Huntley and Lamothe (2001). 1477 

Table 2: ESR data derived from the measurements of the Al centre (acquired in a single 1478 

spectrum together with the Ti centres; baseline correction using a quadratic function). Al dose 1479 

response curve (DRC) fitting was performed using an exponential+linear (EXP+LIN) function 1480 

with weighting by the inverse of the squared ESR intensities (1/I²). ESR measurements were 1481 

carried out on two different days to evaluate the data repeatability. ESR intensities of the 1482 

bleached aliquot were subtracted from ESR intensities of the natural and gamma irradiated 1483 

aliquots prior to any De calculation (Voinchet et al., 2003). De repeatability is based on the 1484 

variability of the De values obtained after each day of measurement. 1485 

Table 3: ESR data derived from the measurements of the Ti centres (option D) and Ti-H 1486 

centre (option C) (acquired in a single spectrum together with the Al centre; baseline 1487 

correction using a quadratic function). Ti dose response curve (DRC) fitting was performed 1488 

with the single saturating exponential (SSE) function by weighting by the inverse of the 1489 

squared ESR intensities (1/I²). ESR measurements were carried out on two different days to 1490 

evaluate the data repeatability. De repeatability is based on the variability of the De values 1491 



obtained after each day of measurement. Note: italics, the De values derived from the standard 1492 

measurement procedure (see further details in the text). 1493 

Table 4: Compilation of ESR dating results obtained for Late Pleistocene samples. Key: 1494 

Dose/Age control: + = good agreement between ESR results and independent control, - = 1495 

disagreement between ESR results and independent control; n/a= independent control is not 1496 

available; MAAD = Multiple aliquot additive dose method; MARD = Multiple aliquot 1497 

regenerative dose method.  1498 
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