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Abstract

The geological sequences of numerous Lower and IsliBdlaeolithic sites of central and southern
Italy, found in fluvio-lacustrine contexts and ribbth in archaeological and palaeontological resyain
have recorded various volcanic events all alongMidle Pleistocene timescale. These sedimentary
sequences made of detritic and volcanic materigssaitable to compare independent numerical
geochronological methods and thus develop a mudthod approach relying especially ESR method
applied to optically bleached fluvial quartz ané tAr/**Ar on single grain isotopic method applied
to potassium feldspars. In this present paper,ilgeoological data obtained using these two methods
were used on several Middle Pleistocene Italiaessincluding volcanic and fluvial but also
archaeological levels: Isoletta and Lademagne igid.and Notarchirico in Basilicata. In this
contribution, ESR age estimates were performedgusimulti-centre approach from Al, Ti-Li and Ti-

H centres. We demonstrate for these sites that [EZ8Rd framework is overall consistent with the
“OAr/**Ar chronology that over the 700 and 350 ka timedaein. This comparison validates the multi-
centre approach proposed and demonstrates thaisthef Ti-H for samples with equivalent doses

higher than 280-300 Gy leads to systematic agerestimates.

Keywords: ESR dating, optically bleached quaf¥i/**Ar dating, Middle Pleistocene ltalian sites
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1. Introduction
Since the mid-1990s, Quaternary river deposits tman the subject of in-depth multidisciplinary
studies, including systematic dating. This kindre$earch, partly initiated by a team of researchers
from the Muséum National d'Histoire Naturelle (MNHN Paris, France, has led to the electron spin
resonance (ESR) dating of stepped and embeddetdesystems for a large number of valleys in
Europe and Asia (e.g., Laurent et al., 1994, 18@8nchet et al., 2004, 2010, 2013; Despriée et al.,
2011). These numerous works have contributed abksh a detailed chronostratigraphic framework
for these river sequences covering most of thestleéne. Associated with some of these fluvial
formations, tens of Palaeolithic localities witkthic assemblages have also been dated by the same
way. The results obtained for each valley are &best with each other, producing a robust
geochronological framework, although there is oftenindependent age control available so far.
Indeed, due to the nature or the chronology ofdtuglied sedimentary sequences, ESR dating of
guartz grains has been for a long time one of #my few numerical dating methods that could be
used. In some area, the absence of fossil faurains, linked to the extreme acidity of quartz sand
precludes any biochronological estimation for thehaeological localities, as well as the use of the
ESR/U-series method applied to teeth. In additide fluvial sediments are often coarse and
unconsolidated and therefore not suitable for mexptatigraphic analysis (Parés et al. 2013). Kinal
the application of luminescence dating of sedimestag standard procedures (OSL, IRSL, TL) was
long limited to Middle and Upper Pleistocene defsoéArnold et al., 2003). As a result, for a long-
time alternative dating estimates derived from pefelent methods has not been possible for the
oldest deposits and sites of these valleys. Althaegent methodological developments have shown
that a multi-technique dating approach can now d&idently envisaged to date Early to Middle
Pleistocene fluvial deposits (e.g., Duval et &is volume) this overall lack of independent agetia
is considered by many as prejudicial. Its castdtion the relevance of the obtained chronology, for
example regarding the exact period of arrival effirst human migration in Western Europe (Muttoni
et al., 2013, Muttoni et al., 2018)
Fortunately, the particular case of central andlsu Middle Pleistocene river sequences in central

and southern ltalian peninsula, where fluvial dé@posiclude K-rich volcanic material, allows the



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

straightforward comparison between ESR and an mdgnt reference radioisotopic method,
Ar/*°Ar. Indeed, in this area, the presence of numenmlsanoes, active during the Middle
Pleistocene and located mainly along the Tyrrhemiemgin, has led to the emission of large and
widespread tephra. In consequence, volcanic métesiee frequent into sedimentary sequences,
sometimes as primary tephra layers interspersedtiret sequences or mixed with fluvial deposits. In
this case, the volcanic materials are not in prymaosition (i.e. within a volcanic deposit) but
reworked, sometimes by the river (secondary pagition this case;°Ar/**Ar studies show the
presence of grain populations of various agesydlmgest being considered as the last volcanicteven
locally recorded before the deposition of the asedly sediment. In other words, volcanic material
could be considered either as linked to a primagodition or as a secondary one indicating the last
volcanic event recorded in the area. In centralsamdhern Italy, such volcanic materials recovened
primary or secondary position were dated“t4r/*°Ar allowing the establishment of a robust and
precise chronostratigraphic framework (e.g., Pareiral., 2018).

This framework offers the possibility to a compansbetween palaeodosimetric and radio-isotopic
results. In the present contribution, we will comp&SR ages obtained on quartz using the multi-
centre method (ESR-MC) witfAr/**Ar dates on single feldspar grains in order to eata (i) the
accuracy of the ESR results and (ii) the reliapif the ESR-MC approach. Of course, it is worth
noticing that such comparison is only possible tititigraphic knowledge of the sampling levels
confirms the sub-contemporaneity of the studiedlagoal layers and of the evidenced volcanic
events. At the end, it should permit to improve tironology of the studied sequences and, if the

data agree, to reinforce the robustness of thergkecteronological framework.

2. ESR dating method

Methodological developments in the ESR dating dfoafly bleached quartz grains over the two last
decades have made it a reference method for tigd#HtQuaternary fluvial deposits (Antoine et al.,
2007; Chauhan et al., 2017). Among these develofsnene of the most important is the use of the

so-called multiple centre (MC) approach based endtudy of several light-sensitive paramagnetic
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centres in quartz (Toyoda et al; 2000, 2006; Tisstual., 2007; Duval and Guilarte, 2015; Duval et
al., 2015).

Concerning the ESR dating of sedimentary quartingréound in alluvial terrace deposits, it is
essential that a "reset" of the geochronometerse(iibe paramagnetic centres) occurred before
sediment deposition. Such reset is essential ierdaddate this deposition event and not the faonat

of the quartz itself. This reset depends on thesure to UV sunlight and is called optical bleaghin

It occurs during river transport before the depositof the sediment (Yokoyama et al., 1985;
Voinchet et al., 2003; Voinchet et al., 2007). Thain challenge for the ESR dating method lies & th
estimation of the bleaching rate of the analyzedrigugrains during the transport, which may
significantly varies among centres. The ESR-MC métls based on the systematic measurement of
both aluminum (Al) and titanium (Ti) centres (m&inlTitanium-Lithium (Ti-Li) and Titanium-
Hydrogen (Ti-H)) in a given quartz sample.

The Al centre has long been the most widely useBSiR dating of quartz (Voinchet et al., 2004)
because aluminum is particularly abundant in thisenal and the corresponding ESR signal is easily
measured and observed. In addition, this Al-cemiiea long-life expectancy due to a thermal stgbili
(for temperatures below 100°C) that exceeding dlkam years (Toyoda et al, 1991). It can thus be
used to date samples as old as several millionsy@aurent et al., 1998; Gouveia et al., 2020).
Nevertheless, the fact that this centre requirémng exposure to light to be bleached (about 1600
hours — Toyoda et al, 2000; Voinchet et al, 2008) the fact that, even after such a long exposure,
residual ESR signal is still observed, can sometifme problematic. Indeed Al-centre is partially
optically bleached and its signal intensity decesas relation to time exposure to solar light,ilunt
reaches a plateau value corresponding to a resgigahl attributed to “Deep Aluminium Traps”
(DAT) (Tissoux et al 2013). These traps or centrasnot be reset by an exposure to sunlight. A
wrong estimation of the ratio between DAT and OB@iptically Bleachable Aluminium Traps) can
lead to a wrong estimation of the equivalent dosamd by extension of the age.

In comparison, the Ti centres are less frequertiBeored in quartz samples and their ESR intensities
may be significantly smaller than those of the éhtte. For dating, two Ti centres can mostly beluse

the Ti-Li and Ti-H centres. These two centres hsigaals that are much more light-sensitive than the
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Al and which therefore usually totally reset durisediment transport. Typically, Ti-H centre can be
zeroed or bleached within a day, while Ti-Li centeeds about 20 days for the complete zeroing
(Toyoda et al., 2000; Rink et al., 2007; Tissouxakt 2007). However, Ti-H is also much more
radiosensitive than the Al and Ti-Li centre andusgtes much faster (Duval and Guilarte, 2015).
Consequently, the Ti-H centre is usually consideas more suitable for small equivalent dose
estimates (few grays to tens of grays) and/ordoent samples (Miallier et al., 1994) between tdns
thousands of years (ka) and a few hundred of ka&. jdmt use of the Al and Ti centres, or MC
approach, is therefore intended to better estintlaée quality of the sediment bleaching during
transport. This approach has been used severd iimrecent years, and several studies have shown
its potential in a variety of sedimentary conteattsl for periods ranging from the Lower to the Upper
Pleistocene (Bartz et al. 2018, Duval et al. 201&is volume; Gouveia et al. 2020; Kreutzer et al.

2018;).

3. Sampling
Three Italian archaeological sites were samplethénframe of this work: Isoletta and Lademagne
sites in Lazio and Notarchirico in Basilicata (Rig.In order to limit the risks of bad bleachinigkkd
to a transport of the quartz grains in opaque waler fluvial sediments sampled for ESR dating are
made of fine sands without silt or clay in the ixaf¥/oinchet et al, 2015). These sediments have bee
carried by clear water river, without any fine jEes in suspension.
All of the analyzed geological levels corresponditwial deposits, containing fine quartz grainglan
characterized by the occurrence of volcanic miseralowing the use of tHE8Ar/**Ar single crystal
approach. Thé&°Ar/*°Ar isotopic technique is one of the most accurate precise dating methods
available for Middle Pleistocene time range (Pereir al., 2015; 2018). In fact, the individual dgti
of volcanic crystals allows the identification dietcorpus of volcanic events reworked and drained i
sedimentary layers. In a geological layer, the fileecrystals population highlighted by the related
probability diagram gives chronological informatiam the age of the youngest volcanic event
reworked (see Pereira et al., 2015, 2018 for furéxplanations). The uncertainties obtained on the

calculated ages are ranging between 1 to 5&@f@lytical uncertainty).
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The volcanic materials found at Isoletta and Ladgmeasites are originated from the nearby volcanic
complexes of Colli Albani or Ernici mounts (Pereiea al., 2018), whereas at Notarchirico they

derived from the mount Vulture stratovolcano atyiyLefevre et al., 2010; Pereira et al., 2015).

3.1 Isoletta site

Isoletta is located in the Ceprano tectonic bastheconfluence of the Liri and Sacco Rivers, ribar
town of Pofi in the Frosinone Basin, few kilometsesuth-east of the Campogrande/Cepriiomo
heidelbergensis site location (Fig. 1). It displays a typical alialvterrace stratigraphic sequence,
particularly thick (more than 30 m) (Fig.2. and Bjis sequence was punctually exposed thanks to the
high-speed train railways construction and was $agnpn 2000. Three main units were then
individualized: gravels at the base, overlain byyvine sediments (silts and clays) rich in organic
matter and finally an alternation of medium to seasand beds over more than 10m (Fig.2). In this
sequence, two archaeological levels were identifiEw).2): the first one in basal gravels, is
characterized by the presence of Mode 1 lithic§s@nd-flakes type) and bones industries while the
second one, in a sandy layer of the upper unitdiggdayed Mode 2 (Acheulean) lithic artefacts and
“Galerian” faunal assemblage (corresponding tofitst half of the Middle Pleistocene) (Biddittu,
1974, Sardella et al., 2006).

The gravel level at the bottom and the sand lewélsipper sequence are very rich in reworked
volcanic material (Fig.2.). Four samples were takem different levels for ESR dating: the first in
the coarse level of the base (ESR 1) and the thiteers (ESR 2, 3 and 4) in three decimetre-thick
medium to fine sand beds showing fluvial sediméomateatures. ESR 2 sample corresponds to the
higher archaeological level (“Acheulian level”, 8A6Z, Pereira et al., 2018). The basal part of the
sequence as well as the levels having provided EBIRZESR4 contain volcanic minerals (potassium
feldspars) that have been dated‘Byr/*Ar. The “°Ar/**Ar dated feldspars of this sequence are in
secondary position (it is not a tephra level bfitigial deposit). This means that the age of tlapakit
may be similar or younger than tff\r/**Ar estimate. Nevertheless, tfAr/**Ar age is constrained
by the higher levels in the stratigraphy which aade that the river uptake of these volcanic misera

occurred shortly after their primary deposit (Pereit al, 2018).
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3.2 Lademagne site

Lademagne site, located 5 km from Isoletta in ther@no tectonic basin was discovered in 1965 (Fig.
1). The stratigraphic sequence is mainly composedaody-gravelly deposits inter-bedded with
volcanic rich sediments (Fig.3) and is very simitarthe upper part of Isoletta’s sequence. Two
archaeological layers with both Mode 2 industriesraentioned in the literature (Biddittu et al.,12D
and present palaeontological and archaeologicanasages close to those of Isoletta upper level
(Biddittu et al., 2012). One sample was taken fBRElating at the top of the stratigraphy (named Lad
Sup) and can be compared with one sample takeheirsame level fof’Ar/*°Ar dating on single
crystal (named also Lad Sup in Pereira et al, 2048t Isoletta, the feldspars of this sequenearar

secondary position and provide therefore maximuesdg the sediment deposition.

3.3 Notarchirico

Discovered in 1979, Notarchirico site is an Earlidle Pleistocene site of the Venosa basin (Fig.1.)
(Piperno et al., 1999). The sequence is seven stiigk and is mainly composed of volcanoclastic
sediments deposited and reworked in a fluvial @mwvirent. Many stratigraphical levels are rich both
in volcanic materials coming from the close Montelture stratovolcano and quartz transported by
the river (Fig.4. and 5).

The site is characterized by the record of repeptitbds of human occupation, most part of them
linked to butchery activities. A total of eleverchaeological layers (Fig. 5. Piperno et al., 19999)
have been identified (Piperno and Tagliacozzo, 200he femur attributed chronologically tomo
heidelbergensis has been discovered in the upper part of the seguand some of the archaeological
levels (levels A, A B, D and F) contain bifaces referred to Mode éhtelogy (Piperno and
Tagliacozzo, 2001).

Three levels have been sampled at Notarchirico,iortbe middle part of the sequence (level 2-6,
Notarchirico 2-6 sample) and two in the newly irtigeted lower part (level H1 and Hlc,
Notarchirico H1 sample and Notarchirico Hlc samgky.4. and 5). For now, only level 2-6 has

been dated by ESR applied on quartz (Al) &#d/**Ar methods (Pereira et al., 2015) applied on
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secondary deposit feldspars. It should be notibatllevel 2.4 located between levels 2-6 and H1-H1c

corresponds to a tephra in primary position.

4. Material and method

4.1 ESR dating

Sediment samples were prepared according to threeguoe used in the Muséum National d’Histoire
Naturelle (MNHN) laboratory (Voinchet et al, 200&jrstly, the 100-200 um grain size fraction, the
most easily bleached during river transport (Voatost al. 2015), was collected by wet sieving. The
organic matter was removed by an attack with hyeinogeroxide (30%) and the carbonates were
destroyed using hydrochloric acid (36%). After adtonic use, in order to break the weaken minerals
with cleavage plane, the samples were then attaskedHF (40%) during 1h 40min to firstly destroy
the feldspar grains and then to remove the exteyael of the quartz grains. We observe that the
etching effect varies in thickness between 10 tqu20depending of the grain shape. Recent works
have demonstrated that the previously recommen@edndlong attack was sometimes not enough to
remove all the feldspar grains, especially in azfseery feldspar rich sediments (Tissoux et al, 201

A new HCI attack eliminates then the fluorides fedrduring this etching. The heavy minerals and
the magnetic minerals are then removed with a sogialytungstate heavy liquor at d=2.72 g/ml and
with magnets respectively.

The quartz grains thus separated were dated ukandMultiple Aliquots Additive Dose (MAAD)
method. Each sample was divided into 11 aliquagsh{eone, around 100 mg, composed by several
thousand grains). Nine of them were irradiated@isifPCo source (CEA, Saclay) with a dose rate of
260 + 20 Gy/h. The following doses were appliedhniese aliquots: 264, 431, 653, 1048, 1663, 2640,
4460, 8010, 12500 Gy. In order to evaluate thedusdi non-bleachable ESR signals from the Al
centre, one aliquot was exposed to a SOL2 sunéightilator (Dr Honle) for about 1600h. The last
aliquot (natural aliquot) was neither irradiated agposed to sunlight.

All aliquots were then measured by ESR at the MNi#ting laboratory (Paris, France), using an
EMX Bruker X-band spectrometer with a high sengitigpherical cavity. These measurements were

performed at low temperature (~100 K) by cooling tlavity with liquid nitrogen.
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To apply the multi-centre method as defined by Tayet al (2000), the ESR signal intensities of the
Al and Ti centres (Ti-Li and Ti-H) were measuretheTESR intensities of these different centres were
measured on a single spectrum (fig.6) using tHevfdhg acquisition parameters: a 5 mW microwave
power, 1024 points resolution, 20 mT sweep widtBp kHz modulation frequency, 0.1 mT
modulation amplitude, 40 ms conversion time, 20 tm®e constant. Two cumulative scans were
performed to reduce background noise on the TiadignThe signal intensity of Al centre was
measured between the top of the first peak at §82dhd the bottom of the Teak at g=1.993
(fig.6) of the Aluminum hyperfine structure (Toyodad Falgueres, 2003). The ESR intensity of the
Ti-Li centre was determined by measuring the déifie between the peak top (g= 1.913) and the
baseline (Toyoda et al, 2006, Tissoux et al, 2@Ral et Guilarte, 2015), while the intensity oéth
Ti-H centre was measured between the peak apex.@t) and the baseline (fig.6) (Toyoda et al,
2006, Tissoux et al, 2007, Duval et al, 2015).

Due to the angular dependence of the signal, linketie heterogeneity of the grains orientations in
the ESR magnetic field, each aliquot of a givenganwvas measured 3 times after a tube rotation of
about 120° of its initial position in the cavityr &ddition, the measurements were repeated thmes ti
on different days to test the repeatability of theasured intensities and as a result of the eunval
dose obtained. As a result, nine intensities wéxtained for each measured signal (Ti-Li, Ti-H and
Al) in each aliquot of all quartz samples studiB&R intensities are calculated using the average of
the nine measurements. The variation between the intensities of each aliquot measured on the
three days does not exceed 5%. If a measuremeeedxchis percentage, it was removed from the
calculation, and a new measurement was made tondateif the previous value was due to a one-
time event.

For Al signals, the value of the ESR intensity lné bleached aliquot was systematically subtracted
from the ESR intensities of the other aliquots ¢oaant the centres that cannot be bleached by light
(DAT, Tissoux et al., 2012). The bleaching rége(%) is then determined by comparison of the ESR
intensities of the natural and bleached aliquéis ((Inar!p)/1na9x100).

After normalization of ESR intensities by aliguoass and receiver gain, the equivalent dose} (D

were then determined from the averaged ESR integsising a coupled exponential and linear fitting
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function (E+L) for Al and Ti-Li (Duval et al, 200®Quval, 2012; Voinchet et al., 2013). By limiting
the curve to the first six points (from naturalthe 1663 Gy point) it is also possible to use alsin
saturating exponential function for the Ti-Li@etermination. For Ti-H centre, due to the shabpe o
growth curve (fig.7), we tested two functions (fig, Ti-2 function by considering all the data fgein
and single saturating exponential (SSE) one byideriag only the points of the curve corresponding
to its increasing part (from natural to the 1663p®Bint).

Dose response curve fitting and: Bvaluation was performed using with Microcal Qmigio 8
software with 1/I12 weighting

The dose rate ([ determined from the sum of the alpha, beta, gamnthcosmic-ray contributions.
Gamma dose rate was determinedifgitu measurements directly at the sampling point usimg
Inspector 1000 gamma spectrometer (CanBgrexcept for the Isoletta section sampled in 20@0,
before the systematic use by our team of gammérspeeter on the field, and now not yet accessible.
Thesein situ gamma doses were estimated using the threshotdaghMercier and Falguéres 2007).
External alpha and beta contributions were caledltom the sediment radioelement contents (U, Th
and K) as determined in the laboratory by high Itggm and low background gamma-spectrometry.
The internal dose rate was considered as negligibzause of the low contents of radionuclides
usually found in quartz grains (e.g., Murray andb&ts 1997; Vandenberghe et al. 2008). Age
calculations were performed using the dose-ratearsions factors from Guérin et al (2011) and a k-
value of 0.15 = 0.1 (Yokoyama et al., 1985). Al@rad beta attenuations estimated for the selected
grain sizes (100-200um) from the tables of Brenetal., (1991) and Brennan (2003) respectively.
Alpha contribution takes account of an etching@td 20um of the grains. This difference of 10pum in
the thickness removed by the acid attack inducesgarvariation of 1 to 2% depending on the samples
and on its radioactive environment. Water contéW8o) were estimated by the difference in mass
between the natural sample and the same sample fdriea week in an oven at 50°C and water
attenuation were then determined using formula fi@nin (1994). The cosmic dose rates were
calculated from the equations of Prescott and Hufi®94). ESR age estimates are given with one
sigma error range. The doses rate and ages wexdated using a specific MicrosSfExcel template

including data mentioned previously.



289  When Al and Ti results agree witls,Jweighted average ages combining the different E&Rres,
290 were calculated using IsoPlot3.0 (Ludwig, 2003).aMéquare of Weighted Deviates (MSWD) and
291  Probability (P) are then givaar each result.

292

293 4.2 “Ar/*°Ar analyses

294  The single crystal dating usidthr/>?Ar isotopic method is actually one of the most aateimethods
295 available for Middle Pleistocene time range (Pereiral., 2015; 2018) and gave us the possibiity t
296 date and identify the volcanic events recordededirsentary layers. In central Italy, the studied
297  deposits could contain minerals such as sanidinésldspathoids leucites that have up to 11 to 18 %
298  of K. We therefore use mainly these minerals talgisth our*’Ar/*°Ar chronology (see Pereira et al.,
299 2015, 2018). The analytical protocols followed dhe details about th€Ar/**Ar ages mentioned in
300 this study were presented in details in Pereial.R015, 2018) or Moncel et al. (2018). Air/>°Ar

301 ages discussed hereafter are calculated usingotiaegium total decay constant of Steiger and Jager
302 (1977) and the monitor standard ACs-2 dated at3lM8. We are fully aware than other calibrations
303  exist such as the total decay constant of Renak ¢€1011) and the ACs-2 at 1.1891 Ma (e.g. Niespol
304 et al, 2017) but there is not matter for the pagoof this article, considering that the impliec ag
305 difference o< 1% is negligible compared to the uncertaintiethefESR method. We therefore in the
306  scope of this contribution do not discuss the wariparameters than can be used to calctiat&°Ar

307 ages. These ages are given witheBalytical uncertainty.

308

309 5. Results and discussion

310

311 U, Th and K concentrations of the different seditreamples are shown in table 1 and external dose
312 rates (alpha, beta gamma and cosmic doses), watgents (W%), bleaching rates (Bl%), and
313  equivalent doses with indication of the qualitytleé ESR growth curve fitting (r?) are given in @Bl

314

315 5.1. ESR results: general comments
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The Al centre could be measured in all our sam@asilarly, the Ti-Li centre was measured for
almost all these samples, with the exception ofahbiirico 2-6. For this sample, Ti signal intensity
was too weak and too close to background noiseeteliably evaluated, even with two scans. It is
worth noticing that if Ti signal intensity is exinely low for Notarchirico 2-6 quartz sample, thiaswv

not the case for the other Notarchirico samplemftevels H1 and H1lc, for which the use of multi-

centre approach was therefore possible.

For Ti-Li, the equivalent doses {pwere determined following two different approadirstly, using

a coupled exponential and linear fitting functid+() (Duval et al, 2009, Duval, 2012; Voinchet et
al., 2013). Secondly using a single saturating egptal function by limiting the curve to the firsilx
points (from natural to the 1663 Gy point). Theulessof the two approaches are relatively similad a
are presented in Table 2. We have chosen to usgotes determined using the E+L function for the
age calculation. However, since the intensity eLiTdoes not decrease for high doses, we did net us
the Ti-2 function proposed by Duval and Guilart@12).

The Ti-H centre has only provided useful resultsdamples from Isoletta and Notarchirico H1 and
Hlc levels. The Ti-H signal frequently shows a sigio-noise ratio lower than that of Al or Ti-Li
signals, and it is sometimes impossible to obtagammgful ESR intensities. It is the case for the
Lademagne sample for which Ti-H signal cannot feedintiated from the background ESR noise.
The shape of the curves led us to test two difteapproaches for the determination afsDfirstly,
using the Ti-2 fonction (Duval et Guilarte, 201%)donsidering all the data points, and secondlgaisi

a single saturating exponential (SSE) by consideoinly the points of the curve corresponding to its
increasing part (lowest added doses, between hatual 663 Gy).

For this Ti-H centre, the Pvalues obtained using SSE and Ti-2 functions aliee qdentical and
within 1-c error (table 2), except for one sample (ESR3).38quently, the choice of the fitting
function has a very limited impact on the dosenesties. The results are extremely close and we have
chosen to use only the SSE results, which aftera\sdl Wagner (2007) describe more the physical
filing phenomenon of ESR centres. ConsequentlyalfiTi-H ESR age estimates were therefore

calculated in the present study using the SSE iiom&.
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5.2 Isoletta

At lIsoletta, the™Ar/**Ar ages of the levels containing tephra constrdie tleposition of river
sediments between 403 and 365 ka. The ESR redu#med from Ti-Li and Al centres are consistent
within 1o with the availabléAr/*°Ar ages, with the exception of sample ESR 1. Fisr shmple, the
three centres give very different and clearly osengated results, indicating both a poor bleackuhg

Al and Ti-Li centers — at least — and raises qoastabour the dose rate evaluation (Tab. 3).

For ESR2 sample, the use of Ti-H centre providesgty younger ages, while, for ESR4 and ESR3
the three ages are close and coherent R4t1°Ar ages. For these two samples, the equivalentsdose
obtained using both Al and different Ti centres lameer than 300 Gy. In contrast, the Ti-H yields
much smaller De values compared with Al and Ti-lhen De values >1,000 Gy, i.e. for sample ESR
2. Leaving aside the possibility of incomplete blgag of the Al and Ti-Li signals, this would sugge
that the Ti-H centre tends to saturate for dosevet300-400 Gy and cannot provide reliable dose
estimates above this dose. These results agregueitious observations (Tissoux et al, 2007; Duval

and Guilarte 2015).

The relatively large error ranges observed foreaHeSR ages originate from the &valuation, and are
explained by a relatively poor goodness-of-fit @vled for the dose response curves, with r2 values
sometimes lower than 0.99 (Tab 2). For Isolettapgasnwhen B values obtained using the different
centres were similar, a weighted average age whsilaged for the corresponding level. Such
weighted average ages were calculated using Is@0ot(Ludwig, 2003) and given at 95 % of
confidence.

For ESR 3 and ESR 4 samples, the weighted aveiggeavas calculated using the three different
centres, while Al and Ti-Li ages were used for ES$ample.

Weighted mean ages of 442 + 58 ka,(Bull external error, MSWD = 0.65 and P = 0.429 3426 ka

(20, full external uncertainty, MSWD = 2.08 and P 849®) and 396 + 41 ka ¢2 full external error,
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MSWD = 0.27 and P = 0.76) were obtained for Isal&iER2, ESR3, associated to the “Acheulian
level”, and for Isoletta ESR4 samples, respectively

The ESR age estimates of Isoletta ESR1 sands seermsstimated compared witfAr/*°Ar results,
whatever the centre considered. In addition, tigaicant discrepancy between Ti-Li and Al age
results precludes the calculation of a weightednragge value, and the fact that the Ti-ld &nd age
are higher than the Al ones

We suspect here an overestimation of the natugalati related to the difficulty of accounting for
background noise and baseline in the case of eglyemeak signals. This overestimation directly
leads to an overestimation of the.O’he discrepancy between the ages obtained usengitferent
centres does not allow as the determination ddilbldi depositional age for this sample.

The fact that we observe also a very clear ageestieration using Ti-H for this sample leads us to
suppose that the problem may also be related tarthaal dose evaluation rather than to only a poor
initial bleaching of the quartz grains. Indeedstlavel is composed of very coarse elements (bjocks
pebbles...) whose sandy matrix constitutes theddaézliment. The absence of Bmsitu gamma
measurement means that coarse elements (the nraiaf ghe sediment in the level) were not taken
into account when determining the annual dose, wbauld explain the results obtained for this level
It should also be noted that the Th and K contétiie sediment sample at this level is extremely lo
(0.31 ppm and 0.03% respectively; Table 1). ForakK,alteration (disappearance) of the potassium-
rich minerals (feldspar?) all along the time elapbetween the sediment deposit and the sampling
could explain this low content, leading to an uedémation of the annual dose and by extension an

overestimation of the age.

5.3 Lademagne

For the sediment from Lademagne upper level, thEl ESR signal was not measurable. The ESR
ages using Ti-Li (398+ 51 ka) and Al (406+ 51 kehtes are consistent (table 4). As for the main
part of Isoletta’s samples, the close @btained using the Ti-Li and Al centres allowstasgive a
weighted average age of 402 + 71 ka, (Rull external error, MSWD = 0.012 and P = 0.94n) these

upper sands. This result agrees with f#a/*°Ar age (389 + 8 ka) obtained for the same sediment.
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However, in this case, several grain populationewiig different ages have been identified,
indicating that the volcanic minerals are not ifmary position. Consequently, tHeAr/**Ar age of
389 + 8 ka should be interpreted as a maximum agst@int for the deposits, as it was derived from
seven crystals showing the most recent ages (Rereiml, 2018). The corresponding volcanic event
being not recorded in the Lademagne lower leveinseat in which the youngest recorded eruption
was dated of 405 + 9 ka (Pereira et al, 2018), aretwowever consider in first approximation that it

probably happened shortly before the upper levebsigon.

5.4 Notarchirico

Only level 2-6 can be directly compared with“8r/*?Ar result (663 + 3 ka). However, this level is
considered as a secondary deposit, as volcanicrasneeems derive from the reworking of the
Notarchirico tephra (level 2.2), the only one ng@inary deposit of the sequence, located aboun®0 c
lower in the sequence and directly dated to 661 ka3Pereira et al, 2015). The Al ESR age of
Notarchirico 2-6 sample (657 + 31 ka) agrees atwith the “°Ar/**Ar obtained on the youngest
volcanic event reworked into this level. No crystaésulting from a younger eruption dated about
614ka and recorded in the upper levels of the semuare present in level 2-6. The age of this depos
is therefore strictly constrained between 661 atli&.

For samples from H1 and Hl1c levels, the three ESRres have been measured. As for the Isoletta
site, the ESR ages obtained using the Ti-Li andehitres are consistent with each other and with the
“OAr/*°Ar ages (table 4) of the neighboring levels, whertee Ti-H ages are significantly younger.
This result is probably related to the high\&lues (> 400 Gy) and the probable aforementidnédd
centre saturation. The close falues obtained for the Al and Ti-Li centres ledveighted mean ages
of 743 £ 67 ka (2, Full external error, MSWD = 0.024 and P = 0.88) &36 + 70 ka & Full
external error, MSWD = 0.013 and P = 0.91) for Mcha&ico H1 and Notarchirico Hlc samples,
respectively. We can also notice that the Al andliTESR ages obtained for the lower levels of the
Notarchirico sequence are significantly older tttae date determined for level 2-6. Nevertheless, as
quite the whole sequence (levels J to B) was deeelovithin the same climatic stage according to the

palaeoenvironmental data (tH4Ar/**Ar dates place during MIS16, Pereira et al., 2048 as the
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error range of the ESR ages is relatively wide atpes of levels H1 and H1lc can be compared with the
“OAr/*Ar results of 670 + 3 ka (Pereira et al., 2015)ot#d for level F (table 5). This result then sets
a minimum age limit for H levels. ESR results magem incoherent with this estimate, but
considering the error range associated with apesid still consistent with it. Moreover, the résuwof

the H1 levels are much older than ffiar/**Ar ages of the levels that cover them. Nevertheless
estimated®Ar/**Ar ages obtained for F levels gave minimum agesitband Hlcand therefore do not
disagree with those actually obtained by ESR fesé¢hlevels. It would be desirable in the future to

constrain this chronology BYAr/**Ar dating of sanidines extracted from these loagets.

6. Conclusion
A multi-centre ESR approach was used on quartmgraktracted from Middle Pleistocene fluvial
deposits of central ltaly that were also dated tgy *Ar/**Ar method. For most of the samples
analyzed, except one sample from the Isolettg BB 1), the ages determined both from Ti-Li and Al
signals are in agreement with each other and densiwith the*°Ar/**Ar ages (Fig. 8). As mentioned
in previous works, the use of the Ti-Li centrehierefore appropriate for this time range (Tissauxle
2007; Duval et Guilarte, 215) andthis use is hededated by comparison with a totally independent
method, based on totally different physical prifeig-urthermore, the results derived from Al signal
clearly show the usefulness of this centre whenfltheéal sediments sampled are made of fine sand
carried by clear water river (without any fine jpads in suspension). An evidence of this transport
condition is showed by the absence of silt or alethe sampled sandy layers.
Our results strengthen the validity of ESR-MC meitho accurately date sedimentary successions in
fluvial context proposed in previous stud{&ssoux et al, 2007; Bartz et al. 2018, 2019; del Val et al.
2019; Duval et al. 2015, 2017, this volume; Gouial. 2020; Kreutzer et al. 2018; Mendez Quintas
et al. 2018; Sahnouni et al. 2Q1&he only discordant sample, Isoletta ESR1, wasethout from
extremely coarse and poorly sorted sediments phphatbcolluvial origin, in which quartz grains
could not have been completely bleached,
or in relation with a poor dose rate reconstructiothe age calculation process. The not well biedc

grains, which prevents the use of the Al centretiemmore, the difficulty of accurately measurihe t
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Ti-Li signal intensity of natural aliquots (highdl@round noise and baseline), seems to have lad to
overestimation of the age obtained using this eentr

For the considered Middle Pleistocene time range T00-300 ka), the Ti-H ages are underestimated
(Fig. 8) when [ exceed 300-400Gy, suggesting a saturation of tHe¢ aps. That leads to an
underestimation of the ages by comparison With/*?Ar. This is verified for our samples except for
ESR1 Isoletta sample, for which low dose rate vdaals to obtain an age Ti-H older than the
“Ar/*Ar age, and for ESR4 Isoletta sample for which laeaf about 300 Gy was obtained allowing
the calculation of an age close to ffr/**Ar one.

It seems therefore preferable to avoid the usE-bf centres to date early Middle Pleistocene Isyel
especially if the Rderived from Ti-Li and Al centres are greater ti3®9 Gy. It would be interesting
in the future to conduct similar approach, comtntfAr/**Ar and multi-centre ESR, on deposits
containing both fluvial quartz and volcanic minstafrom late Middle Pleistocene to Upper
Pleistocene (300-50 ka) as well as late Lower Rleine times (1.0-0.7 Ma) to further test and

validate the MC approach over a longer periodroéti
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Figures Caption

Fig.1. Location of Isoletta, Lademagne and Notaiothisites (Italy)

Fig.2. Cross section of Isoletta site and locatibESR and®Ar/**Ar samples— Picture from Biddittu
modified.

Fig.3: Cross section of the upper part of Lademasipeeand location ofAr/**Ar and ESR samples

Fig.4: Notarchirico site and location of ESR sample
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Fig.5: Stratigraphic sections of Isoletta, Ladensagmd Notarchirico sites arftiAr/*Ar results.
“Ar/*Ar ages from primary and secondary volcanic depdsiim Pereira et al, 2015 and 2018.

Fig 6: Isoletta ESR2 quartz grain ESR spectra (éoation of two scans on the 431Gy irradiated
aliquot) with Al, Ti-Li an Ti-H signals and indican of the peaks used for the intensity
measurements.

Fig.7: Some example of dose response curves obtéoné\l, Ti-Li and Ti-H ESR centres.
Comparison between De determined using Ti-2 andrexptial+linear function for Ti-H centre.

Fig.8: correlation between ESR ages obtained Wgreifit paramagnetic centres dftir/*°Ar ages.
Solid line corresponds to the 1:1 ratio. ESR agsecto this line (or with error range crossinglthe)
are considered as accurate, result below thisalieeinderestimated, ages above the line are
overestimated.

Fig.SM1: Dose response curves for the different E&idied centres - Isoletta

Fig.SM2: Dose response curves for the different E&idied centres - Lademagne and Notarchirico

Tables caption
Tab.1. Radionuclide contents, obtained from HighdRetion Gamma Spectrometry, for analyzed

sediments of Isoletta, Lademagne and Notarchirites SAnalytical uncertainties are given ata: 1
confidence level.

Tab. 2. ESR results obtained on quartz extracted 8ediments. Analytical uncertainties and ages are
given with £ I5. Water contents (W%) were estimated by the diffeeen mass between the natural
sample and the same sample dried for a week ivemat 50°C (323.15 K). Dose rates were
determined using dose rate conversion factor uddatesuerin et al (2011). Alpha and beta
attenuations estimated for the selected grain §imesthe tables of Brennan (2003); k-value of 0.15
(Yokoyama et al., 1985), cosmic dose rate calcdlfitam the equations of Prescott & Hutton (1994).
For Ti-H centres, the 8 and ages marked by an asterisk were calculaied te Ti2 function while

the other Ti-H ages and:Dwere calculated using the SSE function. For Tedntres the B and

ages in italics were calculated using the SSE fonathile the other Ti-Li ages and-Bwere

calculated using the exponential+linear function.

Tab. 3. Isoletta Site, Comparison between ESR*&d*Ar ages.*®Ar/*°Ar ages are given witha2
analytical uncertainty and are already publishe®@neira et al 2018. Ti-H ages are used for mean
ages calculation of ESR 3 and 4.

Tab. 4. Lademagne Site, Comparison between ESRAnd°Ar ages;*°Ar/**Ar ages are given with
26 analytical uncertainty and are already publisimeEeéreira et al 2018.

Tab. 5 Notarchirico Site, Comparison between ESR*&/*°Ar ages. “°Ar/**Ar ages are given with
2c analytical uncertainty and are already publisitre®ereira et al 2015. Ti-H ages are not used for
mean age calculation.
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U(ppm) Th (ppm) K (%)
Isoletta ESR1 1.58 £ 0.07 0.31+0.07 0.03+0.01
Isoletta ESR2 1.62+0.14 9.37£0.22 2.39+0.03
Isoletta ESR 3 1.79+£0.09 2.43+0.13 0.44 £0.01
Isoletta ESR 4 1,40 £ 0,06 1.07 £ 0.07 0.23+0.01
Lademagne Upper| 1.04+0.11 2.91+£0.06 0.80 £ 0.02
Notarchirico 2-6 4.69 £ 0.08 4.87 +0.04 1.45+£10.0
Notarchirico H1 2.72+£0.08 4.48 +0.04 0.83+0.01
Notarchirico H1-c | 3.22 + 0.09 5.89 + 0.05 1.07 810.

Tab.1. Radionuclide contents, obtained with Higlsdketion Gamma Spectrometry, for analyzed
sediments of Isoletta, Lademagne and Notarchirites SAnalytical uncertainties are given ata
confidence level.



D, De r2
uGyl | Do D, Deos | Da XV oB | (Gy) -
a uGyla uGyla uUGyla | uGyla % | % (ka)
I soletta
Al 48 462 + 24 0.992 1154 + 109
o 715+75 | 0.986
ESR1 Ti-L 19+1 | 19011 168+10 24+1 401+15| 15 100 803 +100 | 0.981 1786 + 327
Ti-H 325+29 0.981 | 810 +47
298 +22* | 0.987* | 743 + 40*
Al 42 1315+62 | 0.991 456 + 34
o 1155 + 110| 0.989
EsR2 | WU | 5742 | 1786136 | 1008:28| 33+1 | 2884415 15 100 | 1059£120 | 0.979 401£59
Ti-H 295+ 20 0.991 102 + 16
302 £ 20 0.989% 105 + 15
Al 46 338 £ 60 0.981 362 + 64
. 314 £ 73 0.979
ESR3 | "1 | 30s2 | 497220 | 354416 | 5353 | 934426| 15 100 | 401245 | 0987 336 £66
Ti-H 349 + 24 0.988 374 +£17
288 +12 0.99¢r 308 £ 22
Al 44 252 +40 0.984 391+72
. 275+ 25 0.989
ESR4 THLU 1 o0s1 | 30ss12 | 220810 | 101s5| 64416 15 100 296 +38 0.984 426 £59
Ti-H 243 £ 15 0.987 377 +84
230+2> | 0.98% | 357 +8%
L ademagne
Lad Al 44 847+100 0.981 406+51
.. | 77£3 | 98035 919452 111+6| 208770 5 831+70 0.985
Sup Ti-Li 100 875 +88 0.989 398451
Notar chirico
2-6 Al 84+1 | 1999+24 | 1803+21| 16648 4052+32 10 57 2658+122 0.991 657+31
Al 66 1942+60 0.995 739+43
o 1972+110 | 0.995
H1 Ti-Li %15‘: 1203420 | 1215+18| 9545 262827 17 100 1895+161 | 0.989 750257
Ti-H 312+21 0.992 119 £35
330+28 | 0985 | 125+38
Al 69 2425+85 0.993 732449
o 2453+100 | 0.989
Hi-c | M 246+ | 1521203 | 1551422 | 9515 | 3313137 17 100 2515 £200] 0.991 740 £52
Ti-H 887+ 71 0.981 | 267+28
810 + 8% 0.978* | 245 + 26

Tab. 2. ESR results obtained on quartz extracted Bediments. Analytical uncertainties and ages are
given with £ I5. Water contents (W%) were estimated by the diffeean mass between the natural
sample and the same sample dried for a week ivemat 50°G323.15 K). Dose rates were
determined using dose rate conversion factor uddatesuerin et al (2011). Alpha and beta
attenuations estimated for the selected grain §imesthe tables of Brennan (2003); k-value of 0.15
(Yokoyama et al., 1985), cosmic dose rate calcdlfitem the equations of Prescott & Hutton (1994).
For Ti-H centres, the 8 and ages marked by an asterisk were calculaied te Ti2 function while

the other Ti-H ages andeBwere calculated using the SSE function. For Tadritres the B and

ages in italics were calculated using the SSE fanathile the other Ti-Li ages and-®were

calculated using the exponential+linear function.



Al ESR|Ti-Li ESR|Ti-H ESR|Mean ESR| *“Ar/*Ar ages
ages ages ages ages
ESR1 | 1154+109a | 1786 + 327a | 810 +47ka | Not possible | 403 + 8ka
ESR2 | 456 + 34ka | 401 + 59ka 102 + 16ka | 442 +58ka | 375 + 10ka
ESR3 | 362 + 64ka | 336 + 66ka 374 £ 17ka | 349 +26ka | 365 < expected < 37%
ESR4 | 391 + 72ka | 426 +59%a 377 +84ka | 396 +83ka | 365+ 19ka
Tab. 3. Isoletta Site, Comparison between ESR*3d*°Ar ages.”’Ar/*’Ar ages are given withoa2

analytical uncertainty and are already publishe®éneira et al 2018. Ti-H ages are used for mean
ages calculation of ESR 3 and 4.



AlESR age | Ti-LiESRage | Mean ESR age Ti-H ESR/| *Ar/*°Ar age

age

Lad Sup 406 £ 51 ka 398 £ 51 ka 402 £ 71 ka ingpple | 389 +8 ka

Tab. 4. Lademagne Site, Comparison between ESR°And°Ar ages;*°Ar/**Ar ages are given with
2c analytical uncertainty and are already publisimeBereira et al 2018.



AIESR ages | Ti-Li ESR age$ Mean ESR ages TiH ESR ages| ““Ar/*Ar ages

Notarchirico| 657 + 31 ka| - - - 663 + 13 ka
2-6
Notarchirico| 739+43 ka 750457 ka 743 + 67 ka 119 + 35 ka > 671d ka
H1

Notarchirico| 73249 ka | 740 52 ka 736 £ 70 ka 267 + 28 ka >567@ ka

Hlc
Tab. 5 Notarchirico Site, Comparison between ESR*akr/*Ar ages. “°Ar/*Ar ages are given with
2c analytical uncertainty and are already publistre@®eéreira et al 2015. Ti-H ages are not used for
mean age calculation.
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