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Abstract

Continentakedimentarguccessiongretypically lesscompleteandmorepoorly preservedhanthe marinerecord,leadingto
limited correlationsbetweerbasins.Traditionally, intra-basincorrelationemploysradiometricdatingof volcanic markersor
relativedatingbaseddnthefossilrecord. However volcanicmarkeramaynotalwaysbepresentandbiostratigraphyelieson
index fossils whichthat are often sparseto absentin continentalsuceessiormiccessionRecentprogressn carbonatdJ-Pb
datingcanimprovecorrelationdetweercontinentasuccessionBy providingabsoluteageconstraint®n carbonateleposition
and/oron syn to postdepositionaprocessesuchaspedogenesis.

In this study,we analyseedogenicalcitenoduleswithin a continentalMiocenesuccessioin the southwesterParisBasin
(theimportantpaleontologicakite at Mauvieresquarry,France) Following multimethodpetrographicharacterisationf the

samples,LA-ICP-MS U-Pb dating was employedto obtain formation ageson the pedogeniccalcite nodules.The Tera
Wasserburgintercept ages from five nodules from the same horizon (19.3t1.3/1.4 Ma, 186+3.8+2/3..7/2.7 Ma,
19.1#0.84/0.94Ma, 19.0t2.3/2.3 Ma and 19.4:2.7/2.7 Ma) are in excdlent agreementwith previous biostratigraphic
constraintonthe sequencePetrographi@videncepointsto a singlecrystallisationevent,andwe concludethatthe formation
of the calcite nodulesoccurredat 193422 + 0.5866/0.7379 Ma (centralagefrom a radial plot of the five TeraWasserburg
interceptages).This calciteformationageis regardedo representt minimum depositionakgeof the stratahostingthe root
noduleslt providesthefirst direeabsoluteagefor the continertal MiocenesuccessiofandNeogenemammalzoneMN3) of
the ParisBasinandallowscorrelationwith othercontinentabasinsndependenof their fossilassemblagesr whenthewhere

fossil contentis missingabsent
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1 Introduction

Biostratigraphyassigngelative agesto rock strataby usingthe fossil assemblagesontainedwithin them, with the goal of
showingthata particularhorizonin agivensectionrepresentthesama similar periodof time asthesam@nanaloguehorizon
in adifferentsuccessiont reliesheavilyon the presencef indexfossils- fossilswith alimited time range wide geographic
distribution,andrapidevolutionarytrends.Thecommonabsenc®f biostratigraphicallydiagnostiandexfossilsin continental
successiongs problematic,and absolutedating approachesften needto be applied to continentalsuccessionsSuch
approachemcludegeochronologyf volcanichorizonssuchaslavaflows-er, ashbeds or cryptotephrge.g, Rubidgeetal.,
2013 Smith et al., 2017 Poujol et al., 2023), astronomiccalibration (e.g., Kerr 1992, Montano et al., 2021), and

magnetostratigraphicorrelation(e.g., Kalin and Kempf 2009). While volcanic horizonscan provide accurateand precise

absoluteagestheyare notubiquitousin thesedimentaryecord.Carbonateareverycommonin terrestrialsuccession&xcept

in_humid climates)wherethey canbe classifiedaspedogenior non-pedogenicdependingon whetherthey haveformedby
soil-forming processe§Zamaran et al., 2016).Pedogenicarbonatesomprisecalcretesanddolocretes paleosolghathave
beeninduratedby a pervasivecalcitic cement;pisoliths - globular nodulesmadeof concentriccalcitic spheresand more
genericcalcitic nodules- induratedconcretionswith aglobularor cylindrical shapepftenassociatedvith calciticcementation
aroundplantroots(rhizocretionsZamaniaretal., 2016).

The formation of carbonatesiodulescan be classifiedaccordingto the morphologyof the noduleandthe postulatediuid

pathwaythat led to the formation of the nodule (Zamanianet al., 2016). Perdescendurmodek and Perascendunmodels

involve dissolutionof carbonatewvith reprecipitaion in a differenthorizon(adeepehorizonfor Perdescendurandshallower

for Perascendupwhile in situ modelsdo notimply significantcarbonatanigrationthroughthe soil profile (Zamaniaretal.,

2016).Biological modelsinvokeabsoption of Ca-enrichedluid by anorganismleadingto calcificationof Cabearingorgans

or supersaturatiothat inducescarbonateprecipitation(Zamanianet al., 2016). Thesebiological modelsinclude rhizolith

formation wherebyplantrootspumpthe waterfrom Ca-enrichedfluids leavingbehindresidual C&* ionsthatreactwith the

CO, emittedby rhizomicrobialrespiration resultingin the earliestcarbonateementsaroundtheroot (Zamaniaretal., 2016).

After theroot dies, the void createds filled (partially to completely by calciteresultng from the activity of bacteria algae

or by dissolution of the early carbonatecementand reprecipitationinto_cavities (Aguirre Palafox et al., 2024). When

compactiorstars, intergranulaispaceandcompactiorcracks cancreae newcavitiesfor carborateprecipitation With burial,

thenodulecantravelfrom the oxidising conditionsof the vadosezonetowardsthe morereducingenvironmenbof the phreatic

zone (Aquirre Palafox et al., 2024). This results in _chemical changs (e.q. in Fe, Mn, and Pb) observablein

cathodoluminescend€L) imagesbut which alsoaffectU-PbgeochronologyAguirre Palafoxetal., 2024).

U-Pbdatingof calciumcarbonatestartedin the late 1980susingisotopedilution (ID) i thermalionisationmassspectrometry
(TIMS) methods (Smith and Farquhar,1989; Robertset al., 2020 and referencegherein).Most terrestrialU-Pb carbonag
dating studieshavefocusedon nonpedogenicarbonatege.g. speleothemsufas andlacustrinecarbonatesseereviewin
RasburyandCole,2009and a morerecentreviewby Rasburyetal., 2023. Thefirst U-Pbdatingstudiesappliedto terrestrial
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Age |20/ MSWD | Max. U Technique Material dated ‘ Soil protalith Reference
Ma | Ma - ppm Country Rock Mineral
39.5 (1.4| 0.89 3.25 | LA-SF-ICP-MS (spots) USA Pedogenic nodule Cal. clastics & volcanics - continental Methner et al. , 2016
40.1 |0.8| 115 3.44 | LA-SF-ICP-MS (spots) USA Pedogenic nodule Cal. clastics & volcanics - continental Methner et al. , 2016
80.9 | 11 30 0.6 ID-TIMS USA Rhizolith Cal., blocky clastics - fluviatile Wang et al. , 1998
211.9|2.1| 2.67 2.7 ID-TIMS USA Calcrete Cal., micritic clastics - fluviatile Wang et al., 1998
212.4|3.4| 3.4 2.5 ID-TIMS USA Calcrete Cal., micritic clastics - fluviatile Wang et al. , 1998
254 | 29| 504 29 ID-TIMS USA Dolocrete Dol. carbonates - marine Luczaj and Goldstein, 2000
275 | 6 ? ? ID-TIMS USA Paleosol Cal. carbonates - lacustrine? Becker et al ., 2001
282 | 28| 417 32.5 ID-TIMS USA Dolocrete Dol. carbonates - marine Hoff et al. , 1995
294 | 6 ? ? ID-TIMS USA Paleosol Cal. carbonates - lacustrine? Becker et al. , 2001
294.9|8.6| 2.2 ~27 LA-Q-ICP-MS (map) USA Calcrete Cal.,, sparry carbonates - marine Rasbury et al. , 2023
208.1|1.4| 0.9 8.6 ID-TIMS USA Calcrete Cal., sparry carbonates - marine Rasbury et al., 1997, 1998, 2000, 2009
306 |2.6| 0.6 - ID-TIMS USA Calcrete Cal., sparry carbonates - marine Rasbury et al ., 1998
512 | 10| 314 1.24 ID-TIMS USA Dolocrete Dol. carbonates - marine Winter and Johnson, 1995
548 | 19| 1.3 0.57 | LA-SF-ICP-MS (spots) Ukraine Weathered volcanics | Dol., blocky volcanics - basalts, tuffs Liivamagi et al ., 2018

Abbreviations: Cal. = Calcite, Dol. = Delomite, ID-TIMS = Isotope Dilution Thermal lonization Mass Spectrometer, LA-(SF-/Q-)ICP-MS = Laser Ablation (Sector Field/Quadrupole) Inductively Coupled Mass Spectrometry

pedogeniccarbonatesook placein the mid-1990son Paleozoicuraniumrich dolocretes developedsubaeriallyon top of

marinelimestonegHoff etal., 1995; Winter andJohnson1995).Overthefollowing years,a seriesof ID-TIMS U-Pbdating
studiesyielded meaningfulsubaeriakexposureagesfrom 1) Late Paleozoigaleosolderivedsparrycalcitedevelopedn top
of marinecarbonateyclothemsn the southwesternUSA (Rasburyetal., 1997,1998,2000;RasburyandCole,2009);2) Late
Paleozoiaolocretedrom KansasJUSA (LuczajandGoldstein,2000); 3) Late Paleozoicsubaeriallysoil-modified palustrine
limestonesn Ohio, USA (Beckeretal.,2001);and4) Triassiccalcretesievelopedntop of fluviatile siliciclasticsdepositin

ConnecticutJSA (Wangetal., 1998)(Tablel).

Sincethe mid-2010s,advancesn laserablationinductively coupledplasmamassspectrometry{LA-ICP-MS) haveallowed
U-Pb dating of carbonatesvith the benefitsof much greaterspatial resolution,mineralogicalcontext(being in-situ), and
samplethroughput(e.g.,Li etal., 2014; Robertsand Walker, 2016; Nuriel et al., 2017).While individual LA-ICP-MS spot
ablationU-Pb dataare typically significantly lessprecisethan ID-TIMS U-Pb analysesthe high spatialresolutionof the
approachmeandt cancommonlyencounteboth high andlow U/Pb portionsof the sample resultingin ageregressionsvith

superiorprecisioncomparedo ID-TIMS U-Pbdatingstudieswhich employbulk sampling(e.g.,Li etal., 2014-; Robertset

al.,2020. Thetechniqueéhasbeeremployedo datepedogenesimcludingl) Eocengpedogenicalcitenodulesrom Montana,
USA (Methneret al., 2016)yand22016) 2) an Upper Triassiccontinentalsuccessiomwith calcite nodules and interbedded

volcanicmarkersfrom Argentina(Aguirre Palafoxetal., 2024), 3) Ediacarardolomitefrom subaeriallyweatheredsolcanics

in Ukraine(Liivamagietal.,2021)(Tablel), and4) U-Pbgeochronologyn Microcodiumcalcitefrom the SpanishSouthern

Pyreneeshatprovidedmoreconstrainton fluvial mobility duringthe PaleocenigEocen€el hermalMaximumevent(Prieuret

LA-ICP-MS U-Pbdatingrequireschemicallyhomogenousndlargeenoughzones(typically, betweern50 and200em wide
circlesor squaresjo obtainsufficientU andradiogenidPbsignalsto producemeaningfulageresults(RobertsandHoldsworth,
2022).Additionally, high U andlow commonPb concentrationsrerequiredto producepreciseU-Pb dates but carbonates

typically incorporatelow U eeneentratiomabundancegunlessthe precipitationtakesplacein reducingenvironmentsge.g
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Fournieret al., 2004; Drake et al., 2018 Aguirre Palafoxet al., 2024 and significantcommonPb (Robertset al., 2020).

Age; | 220) MWD Max:l) Technique Material dated - Soil protolith Reference

Ma Ma - ppm Country Rock Mineral

39.5| 14| 0.89 3.25 | LA-SF-ICP-MS (spots) USA Pedogenic nodule Cal clastics & volcanics - continental Methner et al. , 2016
40.1 [ 0.8 | 1.15 3.44 | LA-SF-ICP-MS (spots) USA Pedogenic nodule Cal clastics & volcanics - continental Methner et al. , 2016
529 | 15 4.1 ® LA-SF-ICP-MS (spots) Spain Microcodium Cal sandstones - fluviatile Prieur et al. , 2024

72 11 | 0.011 ? LA-SF-ICP-MS (spots) Spain Microcodium Cal sandstones - fluviatile Prieur et al. , 2024
80.9 | 11 30 0.6 ID-TIMS USA Rhizolith Cal, blocky clastics - fluviatile Wang et al. , 1998
211.9| 2.1 | 2.67 2.7 ID-TIMS USA Calcrete Cal, micritic clastics - fluviatile Wangetal., 1998
212.4| 34| 34 2.5 ID-TIMS USA Calcrete Cal, micritic clastics - fluviatile Wang et al. , 1998
228.4| 5 1.7 7 LA-SF-ICP-MS (spots) | Argentina Pedogenic nodule Cal clastics & volcanics - fluviatile Aguirre Palafox et al., 2024
230.5| 22| 1.1 40 LA-SF-ICP-MS (spots) | Argentina Pedogenic nodule Cal clastics & volcanics - fluviatile Aguirre Palafox et al., 2024
233.6| 3.9 | 0.89 120 | LA-SF-ICP-MS (spots) | Argentina Pedogenic nodule Cal clastics & volcanics - fluviatile Aguirre Palafox et al., 2024
254 | 29 | 504 29 ID-TIMS USA Dolocrete Dol carbonates - marine Luczaj and Goldstein, 2000
275 | 6 ? ? ID-TIMS USA Paleosol Cal carbonates - lacustrine? Becker et al ., 2001
282 | 28 | 417 32.5 ID-TIMS USA Dolocrete Dol carbonates - marine Hoff et al. , 1995

294 | 6 ? ? ID-TIMS USA Paleosol Cal carbonates - lacustrine? Becker et al. , 2001
2949|186 | 22 227 LA-Q-ICP-MS (map) USA Calcrete Cal, sparry carbonates - marine Rasbury et al. , 2023
298.1| 14| 0.9 8.6 ID-TIMS USA Calcrete Cal, sparry carbonates - marine Rasbury et al. , 1997, 1998, 2000, 2009
306 | 26| 0.6 - ID-TIMS USA Calcrete Cal, sparry carbonates - marine Rasbury et al ., 1998
512 | 10 | 314 1.24 ID-TIMS USA Dolocrete Dol carbonates - marine Winter and Johnson, 1995
548 | 19 1.3 0.57 | LA-SF-ICP-MS (spots) Ukraine Weathered volcanics | Dol, blocky volcanics - basalts, tuffs Liivamagi et al ., 2018

Abbreviations: Cal = Calcite, Dol = Dolomite, ID-TIMS = Isotope Dilution Thermal lonization Mass Spectrometer, LA-(SF-/Q-)ICP-MS = Laser Ablation (Sector Field/Quadrupole) Inductively Coupled Mass Spectrometry

Carbonated generabndpedogenicarbonates particular arealsooftenheterogenouatthehundredof micrormicrometre
scaleor below (Zamaniaretal., 2016;RobertsandHoldsworth,2022 Aguirre Palafoxet al., 2024), partially explainingthe

paucity of reliable dating resultsfrom pedogeniccarbonatesMore widespreadabsolutedating of pedogeniccarbonates
codldmay provide valuable chronostratigraphiconstraintsin continentalsuccessionsparticularly those where volcanic

horizonsor indexfossilsareabsentAquirre Palafoxet al. (2024)recentlyprovidedguidelinesandstrategiego improvethe

samplingandinterpretatiornf pedogenicarbonatesandaddressetheinfluenceof redoxconditionson U concentrationand

potentialinternalzonation

Table 1: Summary of published U-Pb agesof terrestrial pedogeric carbonates(modified and updated after Rasbury and Cole,

2009).

A recentandinnovative LA-ICP-MS U-Pb carbonatedating protocol,basedon the selectionand pooling of pixelsfrom 2D

elementablndisotopicratio maps(Drostetal., 2018;Robertset al., 2020;Chewet al., 2021)is now commonlyemployedas
a U-Pbdatingstrategy(e.g.Monchalet al., 2023;Rasburyet al., 2023; Subarkatet al., 2024).This in-situ techniqueallows
for the selectionof chemicallyhomogenougoneswithin a chemicallyhetergenousablated2D maparea,reducingthe risk
of incorporatingU-Pb datafrom non-carbonateinclusionsor different generationsof carbonategDrost et al., 2018). In
addition,thismethodoptimiseghespreadf datapointsin TeraWasserburgTW) spaceancreasinghe precisionof theresults
(Drostetal., 2018).Therefore this mappingbasedechniques well suitedto U-Pb datingandelementakharacterisatioof

paleosokalcite,andweuldcanhelpalleviatesomeof theissuesausedy microheterogengy in pedogenicarbonatesA late
Paleozoiqaleosokalcite,alreadydatedby ID-TIMS (298.11.4 Ma; Rasburyetal., 1998)hasbeensuccessfullydatedusing
thisapproach294.9:8.6 Ma; Rasburyetal., 2023.

Continentaksedimentarguccessionareoftenbarrenor poorin indexfossils,which makesdatingandintra-basincorrelation

difficult. Mammalremainshavebeenusedto createterrestrialbiostratigraphicscales suchasthe Neogenemammal(MN)
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scalein WesternEurope(Mein, 1975; Agust et al., 2001). The EuropearMN scaleis similar to the North AmericanLand

MammalfiAges (NALMAs) andSouthAmericanLand MammalfAges (SALMAS) scaleqseethereviewof Hilgenetal.,

2012).However,mammalfossilsarenot ubiquitousin the sedimentaryecord,thusthe MN andothermammalscalescannot
always be employed.When comparedto marine biostratigraphicrecords(which have index fossils such as planktonic
foraminifera,ammonitesgraptolitesetc), theyalsoexhbit diachronicityanda poorertemporalresolution.Thepoortemporal
resolution particularlyin the early stageof the MN scale(seeDiscussion)s well illustratedby the MN3 biozone which has
adurationof betweer2.8and5.4 Myr, dependingnthe absoluteagechoserfor thetop andbottomboundariegMein, 1999;
Steininger,1999;Aguilar etal. 2003;Raffi etal., 2020).For comparisonthe Paleogenealcareousiannofossikcalebiozones
all havea durationlower than 2 Myr, with mostlower than1 Myr (Agnini et al., 2014). The LA-ICP-MS calcite U-Pb
geochronologyapproachadoptedhereincould-havean this study has the potential to constrainthe age of continental

sedimentarnhorizonswherepedogenimodulesare present This approachmay improveinter-basindasincorrelationsand

betterconstrainthe, temporalresolutionof the MN scale,as well as potentially highlighting regionaldiachronismif more

extensivesamplingcampaigis were conductedIn this study,we applythe LA-ICP-MS U-Pb mappingtechniquealongwith

spotanalysisto obtainabsoluteagesfrom pedogenicalcitenodulesfrom aterrestrialMiocenesuccessiotin the ParisBasin,

France whoseageis hithertopoorly constrainedn terms of directabsolutedating

2 Geologicalsetting
2.1 Regionalgeology

TheMauvierespaleontologicasiteis locatedin the SW of the ParisBasin(France) aMesozoieCenozoidntracontinentakag
basin(Guillocheauetal., 2000).Thesiteis on the northeastmarginof the Neogeneoutcrops which comprisecontinentaland
marinesedimentaryocksunconformablydepositecbn Paleogeneontinentalsedimentaryocks(Figure1a). Regionally,the
Cenozoicsedimentarysequenceeflectsa dominantlycontinentalpaleoenvironmentvith occasionaimarinetransgressions

duringthe Miocene(Figure1lb, Gagnaison2020).

2.2 Paleoenvironmentand origin of the calcite nodules

The pedogenicnoduleswere sampledfrom the Early Miocene (early to middle Burdigalian) OrléanaisMarls and Sands
Formation (Figure 1b), a few metersthick successionof coarseand fine-grained clastic sediments(Figure 2). This
fermatierFormationrestsunconformablyveraPaleogenéacustrinesilty marl (theEoceneOligoceneGreyMarls Formatian)
andis overlainby Middle Miocenemarineshelly carbonatesandsknownlocally as faluns (Gagnaisoretal., 2023)(Figure
1bandFigure2).

The Early Miocenecontinentakequenceat Mauviéresconsistof a seriesof eightclasticheds(numbereds1to s8; Gagnaison
etal., 2023;Figure2a). The pedogenimoduleswerefound in the basalbeds1, which overliesPaleecendoceneOligocene

silty marls(Figure2). Theslbedis comprisedof a very coarsdight grey-orangeyguarziticsandwith minor feldspar,in-situ



141 terrestrialvertebrateossils,poorly preservedJnio shells(a freshwatemussel) andin-situ carbonatenodulesandcylinders.
2}42 The sandalsocontainsreworkedmaterial,including Cretaceousalcareousndsiliceouspebblesalteredglauconitegraing
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+45 low-energyenvironmentandthattheyarein-situ (i.e. not reworkedfrom olderbeds).
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The occurrenceof 1) hollow calcite cylindersand nodulesinterpretedasrhizocretions,2) root tracksin the matrix, 3) iron

oxides whiehthat give the sandits orangecolourte-the-sand and 4) microvacuolesinterpretedas productsof subaerial

microbialactivity, suggestsuggesthepresencef apaleoso(Gagnaisoretal.,2023).Thenodulebearingslbedis interpreted
as a watertransported Jow-energyfluvial sequencewith progradingsandbars, with phasesof lacustrinefloodings and
developmenobf paleosolsThesequenc&assubsequentlgubaeriallyexposedndfollowed by thedevelopmensdf avegetated
soil (Gagnaisoret al., 2023). The pedogenicnodulesare consequentlynterpretedas in-situ and not reworkedfrom older
horizons.Rasbhuryetal. (1997)haveshownthatthe cdcite spartypically formsrapidly following paleosoldevelopmentand

thereforeabsolutedatingof the nodulesshouldproviderobustageconstrainton the stheeminimumageof thes1bed.Based

ondetailedpetrographyncluding CL imaging,Aquirre Palafx etal. (2024)providedmoreinformationon the environmental




factorsthatinfluencethe timing of noduleformation (e.g.redoxconditions,burial, watertable levels)thatcanin turn help

refinetheinterpretatiornf geochronologicatesults

Maumﬂtes_segtmThe nodules reds mboIW|th aC comefrom the Orleanals Marls and SandsFormatlon attrlbuted to the MN3
biozone(Gagnaisonet al., 2023).V. 2023/06: The 6" International Chronostratigraphic Chart of the International Commissionof
Stratigraphy (2023).GPTS : GeomagneticPolarity Time Scale.
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2.3Biostratigraphic ageof the continental sandsand nodule-bearing s1bed

MN biozonesweredefinedasa tool for inter-basinfaunalcomparisongMein, 1999).Limits of the zonesaredefinedby 1)
stepsin mammalianevolutionarylineages(local evolution), 2) First AppearanceDatumandbr Last AppearanceDatum of
speciesd) dispersabf taxa,and4) faunalassemblage@Vein, 1999; Steininger,1999). As discussedy Mein (1999),even
whenrelativelyinaccuate,the MN-zonesarestill ausefultool for regionalcorrelation.For example wherelocal mammalian
biozonesare developed(e.g. the Mongolian Mammalianbiostratigraphyproposedoy DaxnerHock et al., 2017),the MN
systemcanstill be employedsinceEuropeand Asia often sharetaxa(Wanget al. 2013).However,we shouldkeepin mind
that correlationusingthe MN timescaleis affectedby ecologicallimits, latitudinal disparities,generaldiachronismin the
dispersiorof taxa,the presencef immigranttaxa (Mein 1999; Steininger,1999)andlocal differencesn taxa(evenbetween
neighbouringbasinsEngesseandMddden1997).

Regionally,boththe continentalandmarineMiocenesedimentareknownfor their rich faunaof vertebratdossils,including
mamma taxa(Ginsburg,2001).At Mauviéeres,vertebrataemainshavebeenfoundwithin four horizonswithin the Orléanais
Marls and Sandd=ormation(Figure2a). The majority of fossils(>95%)arefreshandthusinterpretedassynsedimentaryand
notreworkedfrom olderbeds.In total, 53 taxahavebeenidentified, mostof thempresenin the s1bed,therichestof the four
fossiliferoushorizons.Thetaxaaretypical of the middle of the MN3 biozone(Gagnaisoretal., 2023) (Figure 1b andFigure
2a).



82

184
185
186

87

188
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b) Photograph of the bottom section of the outcrop
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Figure :2: Geologyof the Mauviéres section.a) Sedimentologicallog and bed nomenclature (modified after Gagnaisonet al., 2023).
The calcite nodulesare found in the Early-Middle Burdigalian basalsands1.b) Photograph of the basalsectionof the outcrop,
showing the basal PaleoceneEocenesilty marls unconformably overlain by an orange,very coarsefluviatile sandwith mammal
remains, freshwater musselshells,root tracks and pedogeniccalcite nodules.c) Granule and pebblefraction after sievingof the s1
sand. The fraction is dominated by pale-coloured calcite nodules.d) Photographsof representativecalcite nodulesfrom the s1bed
showingboth spherical and eyindrie-cylindrical irregularly -shapednodulesof varying colour.
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3 Materials and methods
3.1Samples

Betweer2020and2022,aserief geologicasamplingcampaignsvereundertakeratthe Mauvieressite. Thesamplematerial
wassieved washedanddried. Fromthe coarseseparat€>2 mm), numerousioduleswerecollectedandidentified asvadose
carbonatenodules(Gagnaisoret al., 2023). The nodulesare sphericalto oblong, with a yellow-orangecolour anda coarse
aspectFive of thesenoduleswereselectedor SEM elementabnalysisandU-Pbdating(P00,P01,P02,P04 andP14),three
nodulesfor powderX-ray diffraction analysisSxXRD), andonenodulewaspreparedasa thin sectionfor detailedmicroscopic
analysigMIOC4). For XRD analysisgachselectechoduleswerecrushedn anagatemortarto createafine powder.Thefive

othernodulesselectedor U-Pb datingweresawnin half to revealaninternalsurface Onehalf of eachnodulewasmounted
in a 25 mm mould, mountedin epoxy resin, cured and polished,with the final polishing stepemployingl em diamond
suspensin polishingfluid. The epoxyresinmountswerecleanedn an ultrasonicbathof deionizedwaterfor threeminutes
andimagedby opticalmicroscopyLA-ICP-MS U-Pbdatingwasundertakeron sampleP00to seeif high quality agedatacan
be obtainedfrom the samplesuite. Following LA-ICP-MS analysisof sampleP00,it wasrepolishedto removethe ablation
rasterscleanedn anultrasonichathof deionizedwaterandcarboncoatedor SEM analysisTheotherfour samplesverefirst

carboncoatedfor SEM analyss, andlater polishedandthencleanedto removethe carbonbeforesubsequentA-ICP-MS

analysis.

3.2 Optical microscopy

The resinpuckswereimagedunderreflectedlight usinga Nikon EclipseLV100 at the iICRAG Lab@TCD, Trinity College
Dublin. Imageswere acquiredat 5x magnificationusinga Nikon DS-Ri2 cameraEachtiled imageis comprisedof multiple
framesstitchedtogethery the Nikon NIS-Elementssoftware . Eachframewastakenwith a squardfield of view of ¢. 2.8 mm

in width andwith anoverlapof 10%. Transmittecandplanepolarisedight imageswerealsoacquiredor thin sectionMIOCA4.

3.3XRD

The powderswereanalysedisinga Siemens/BrukeD5000powerX-ray diffractometer(Cu K Uradiation,0.01° s t e from1
5t060° 2 dt1° min-1, 4.5hous persample) Mineral identificationwasundertakerwith DIFFRAC.EVA (Bruker) using
the PowderDataFile (PDF4, The InternationalCentrefor Diffraction Data)(GatesRectorandBlanton,2019).XRD results

andits interpretatiorareavailablein the SupgementaryMaterials.

3.4SEM

The SEM analysesverecarriedout attheiCRAG Lab@TCD(Trinity CollegeDublin, Ireland)on a TescanTIGER MIRA3
FEG-SEM equippedwith a backscatteelectrondetector(BSE), two Oxford InstrumentsUltim Max 170 mm? SSD EDX

detectors and an X4 pulse processorScanningelectron(SE) and BSE imaging and energydispersiveX-ray spectroscopy

11
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(EDS)analysesvereacquiredusinganacceleratingoltageof 20 keVkV andaworking distanceof 15 mmabovethecarbon
coatedpucks.Theimages andmapswereprocessedisingthe AZtec version6.1 X-ray microanalysisoftwaresuite (Oxford

Instruments).

3.5 Cathodoluminescence

Polishedanduncoveredcarboncoatedthin sectionsfor eachsamplewereimagedusingoptical CL microscopy.CL images

were acquiredat University College Dublin (UCD) using an HC5LM hot-cathodeCL microscopefrom Lumic Special

Microscopesoperatedat 12.2 kV_with a currentdensityof 0.24 mA.mm 2 No stainingsolution was appliedprior to the

imaging.

3.6LA-Q-ICP-MS

Laser ablation Q(quadrupole)CP-MS U-Pb dating was performedat the iCRAG Lab@TCD, Trinity College Dublin,

employinganlridia 193nm ArF excimerLA system(TeledynePhotonMachinesBozemanMT, USA) coupledto anAgilent

7900Q-ICP-MS via 1.816mr016 mm ID PEEK tubinganda mediumpulseinterface.Onesample(P00)wasdatedusinga
mappingapproactandfollows the U-Pbimagingtechniquedescribedn Drostetal. (2018),while theremainingsamplegP00

repeatP01,P02,P04,P14)wereanalysedy staticspd analysisFor thelatter,signalsmoothingwvasachievedy insertinga
mixing chamber(GlassExpansionpetweermediumpulseinterfaceandtorch. Detailson the specificanalyticalprotocoland
operatingconditionsaregivenin thesupplementarynaterial(Supplementaryable1-6 andSupplementaripocumentl). This
includestheselectiorcriteria,regionsof interestmapdimensionandtime-equivalentdor all selectecpixelsandpixel groups
( pseudeanalyses for the sampleanalysedvith the mappingapproach,andthelaserpit locationsof the samplesanalysedy

spot ablation. SupplementaryTables are available on_the Zenodo repository system (Monchal et al., 2024) while

SupplementarfpocumentandFigureareavailablewith the online versionof this manuscript.

Sampleswerefirst screenedor suitability usingline scans Samplesand sampleareayielding high initial Pb concentrations

andlow p throughoutwereomittedfrom furtheranalysis Similarly, samplesareasvith U 10 ppbwereignoredastheyoung

sampleagewouldresultin verylow concentrationsf radiogenid®b.Finallocationsfor U-Pbanalysiswvereselectediccording
to the resultsof the testline scansin combinationwith mineralogicalandtexturalobservationgrom optical microscopyand

from chemicalinformation obtainedby SEM-EDS mapping.In eachdatednodule,we targetedcalcite zoneswith minimal

incorporationof otherphasesFor the mappingexperimentthis resultedin multiple groupsof rasterlines spreadout across
the nodulesuface.Final ROIsfor dataextractionwerechoseno represenzonesthat eeuldmay be interpretedascogenetic
andthusa single agepopulationconstrainingcementationHowever,samplesL01,P02,P04,and P14 did not featurelarge
enoughcoherentcalcite areaswith Pb/U ratiosfavourablefor efficient andreproducibleuseof the mappirg protocol. Spot

analysiswassubsequentlperformedon thosesamplesusingthe chemicalinformationfrom the SEM andLA -ICP-MS maps

12
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to help site the spotanalysesAdditionally, the U-Pb mappingdatafrom sampleP00was also augmentedy a static spot
ablation experiment.

The mappingsessioremployeda laserspotsizeof 80prB0 um squarea repetitionrateof 506H20 Hz anda fluenceof 2.5%5
Jcn? while movingthe samplealongsuccessivédinear rasterswith 30prB80 pum/s underthe staticlaserbeam.Samplesvere
bracketedoy NIST61ANIST SRM 614 glassasthe primary standardWC-1 calcite for matrix-matchingthe 2°Pb#3U ratio
(Robertsetal., 2017)andDuff Brown Tanklimestoneasquality controlmaterial(Hill etal.,2017).Thetotal analysistime for
sanple POOwasc. 34 minutes.Spotanalysissmployed35ua85 um diameterspots a repetitionrateof 12 Hz, 480shots(40s)
and a fluence of 2222 Jcn?. Again, NISTEINIST SRM 614 was usedas the primary standard but Duff Brown Tank
limestonewasusedfor matrix-matchingof the 2°Pbf38U ratio asit is closerin U concentratiorandageto the sampleshan
WC-1. Gas settings (optimised daily), analyte menusand integrationtimes for all analytical sessionsare reportedin
Supplementaryoc 1 alongwith the dataprocessingprotocolsused.

Uncertaintieon datesn thetextandfiguresarequotedatthe 20 or 95%confidencdevel, respectivelyThegeochronological
resultsarepresenteavith two uncertaintiesthefirst is anestimateof the sessioruncertaintes,while the seconds propagated
with full systematiancertaintiege.g.,the uncertaintyon thereferenceageof WC-1 (maps)or DBT (spots)respectivelythe
decayconstanuncertaintiesandthe 2% long-termreproducibilityof secondanagereferencematerialsin thelaboratory;see

Supplementar{pocumentl).

4 Results
4.1 Petrographic observations

Thesamplesarecomposedf transparentnostlyroundedguartzgrainswith somemoreangularcrystals setin a paleorange
yellow cementwith vein-like cavities,partiallyfilled with carbonaterystals(Figure3). The majority of the samplesexhibita
man cavity that semetimem somecasedranchesut via micro-cracks,typical of alphatype paleosoil(Wright, 1990).We
candistinguishtwo stagesf formation. Thefirst stageinvolvesthe formationof sedimentaryoncretionsaroundroots. The
concretiongsarerich in quartzandcementedy clearealeiteerysatlscarbonateasobservedunderthe optical transmittedight
microscopeg(Figure 3). After decompositiorof the roots, thesparrycarbonatecrystalsprecipitatedpredominantlyinto free
spaceproducinga brownlayer on the edgeof the cavity andfilling the micro-cracks.The hostrock is composedf touching
or floating terrigenou<lasticelementsuchasquartzin a clotted carbonatednatrix with authigenicgoethite. The hostrock
is alsocrosscutby rhizolith roottubules tracesof which arestill visible (Figure3A). Theserelicsof palecrootsareexpressed
by thestackof severalayersof darkmicrobialmicrite linings (Figure3A) andsomeholocrystallinemicrospariteThepresence
of holocrystalss dependenbn the degreeof microbial activity andthe root structure(i.e. main axis vs lateralroots). These
early pedogeniccarbonatecrystals(e.qg. the calcite crystalsin Figure 3B-C) are classicallyfound in many paleosols(e.g.
Wright, 1987;EstebarandKlappa,1983;Bain andFo00s,1993;Alonso-Zarza, 2003).
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80 SampleMIOC4 is arepresentativeodulefrom the s1 bedthatexhibitsevidenceof primarily calcified root traces(Figure 3;
281 seealsoGagnaisoretal., 2023).No evidenceof later crystallisationnor recrystallisationwas detectedwith the caldte spar
282  homogeneousind unzoned(Figure 3B-C). Moreover, micro-cracksand alveolar structuresare commonly found without
283 calcitecrystallisation(Figure3A), especiallywherethe primaryroot waslocated Whencalcite crystalsarepresentthey are
%84 typicdly associatedvith lateralroots.
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The SEM-EDS mapsof thefive datednodulesrevealthatthe nodulesarecomposeaf poorly sortedangularSi-rich minerals
cementedy a Carich phase(Figure54). Thetwo phasesareinterpretedrespectivelyas quartzand calcite basedon optical
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301 microscopyandthe PXRD results. The cementedandalsocontainsgrainsrich in SiandK, Nainterpretedasfeldsparandin

02 agreemenwith the resultsof PXRD. Largecavities, efteamostly branchingor roundedare presentn all the nodules These
303 cavitiesarelined by a pureCarich phasenterpretedascalcitethat precipitatednto the free cavity spaceln somelocations,
304 quartzfree calcite crystalshavefilled the cavities entirely. Thesezonesof pure calcite were subsequentlyargetedfor LA-
:FOS ICP-MS U-Pbdating.
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Figure 54: Photographic montage of nodule POOin a polishedresin puck. a) optical microscopyimageb) the sameimage overlain
by a partial EDS map of the nodule showing Ca (a proxy for calcite, blue), Si (a proxy for quartz, yellow), and K;+Na (a proxy for
feldspar, red). The location of the EDS mapsin c), d), and e) are representedby the dashedwhite polygons.c), d}), and e) EDS maps
showingthe LA -ICP-M S ablation zonesand line scansfor the POO nodule. Pure calcite veins were targeted, avoiding the zonesof
calcite-cementedquartz-rich sand. SeeSupplementary Materials for pictures and EDS map of the other samples(Supplementary
Figure 1).

4.3 Cathodoluminescencemaging

Thecalcitecementedandsn the concretionshowa complexpatternof dull brownandorangeto bright yellow luminescent

calcitecementingguartzandminor feldsparswhich arehighly (andvariably) luminescentSparrycarbonag crystalsinfilling

cavitiesandfracturesshowstrongoscillatoryCL zoningat the <10 um scale(Figure5). The calcitegrowthin the fractures

oscillateshetweemonluminescentdull brownto orangeluminescenceandbright yellow andorangeduminescene. Growth
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18 morphologiesfrom CL are euhedralto occasionallysubhedralblocky with no recrystallisationof the oscillatory zoning
19 observed.
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20 Figure 5: Cathodoluminescenceimages from the samplesat 5x (P02/P04/P14)or 10x (P00/P01) magnification illustrati ng the
21 oscillation betweennon-luminescentdull brown and orange luminescentzonation in the calcite crystals. Spot locations are shown

22 on the P14 photo showingthat the outer margins of the calcite zoneswere ablated.

323  4.4LA-ICP-MS U-Pb dating

324  Calcitecrystalsthathaveprecipitatedreely insidethe cavitiesweretargetedor geochronologynalysigFigure6) astheyare
325 believedto haveprecipitatedapidly afterthe formationof the paleosolseesection2.2 andRasburyetal., 1997). Themapped
326 areasn POOtargetedzonesof purecalcitebasedon the SEM-EDS mapping.A Cafilter (e.g.retainingpixelswith Ca> 350

327  000ppm)wasappliedon the POOmapto excludeany inclusions,cracks,epoxyresinor the hostsedimentaryock andthis
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filter removedc. 7% of the pixelsfrom the maps.The averagdJ contentis e~ 10 ppraua/g (rangingfrom 9 to 13 ppApg/o),
while theaverageTl h contentis €.~ 0.7 ppra/g (rangingfrom <0.1to 2.5 pprua/g; seeSupplementarifablel) resultingin
Th/U ratiosof <0.01to <0.2. Significantinitial Pb concentrationg~0.44to 33ppA83 ug/g) andthe long half-life of Th in
combinationwith the young age of the samplsamplesrender the radiogenicingrowth of radiogenic?°®Pb negligible
(?°%P brommod2°®P B adiogenic=2800to 12000).Therefore we usedthe empiricalcumulativedistributionfunctionof the228U/2%Pb
channelfor pooling of the filtered pixel datainto pseudeanalysesThe 23%U/2°%b channelis a good estimateof the U ratio
betweerparentU (>28) vsinitial Pb (#2/Pb) asthetotal 2°5Pb concentratiorstrenghyreflectds a robustproxy for theinitial

Ph:ommonCOmponent.

ThespotU-Pbdatawasverecorrectedpostanalysisfor anyshetblationthatwentthroughthe calcite. This correctionemploy

the visual inspectionof peaksfor a significantchangein Ca, Pb, Th or U compositionthatindicatea changein the phase
ablated TheU-Pbspotanalyse®nsample$?01,P02,P04andP14yieldeddatesof 180+3-8+2/3..7/2.7 Ma, 19.110.84/0.94
Ma, 19.0+£2.3/23 Ma, 19.4+2.7/2.7 Ma, respectivelywhile sampleP00 yielded datesof 19.3t1.3/1.4Ma (mapping)and
20-419.7+1.35/1.46 Ma (spots)(Figure7). A radialplot andweightedaverageagewerecalculatedusingthesesixthefive dates

from spotanalysisandtheirrespectivanternaluncertaintiegsessiorestimates-while the) featuringa MeanSquareé/Neighted

Deviation (MSWD) and chi-square( p?) testrepresentindiow good the resultsarefitting to the statisticvalue. The full

systematicuncertaintiegsection 3.56) were propagatednto the resultantage (radial plot or weighedaverage)calculation.
Theradialplot in Figure8 showsa singleagegroupat 19.3422+0.5866/0 7379 Ma (p[%?c? = 0.6896) andaweightedaverage
agewascalculatedat 19.3221+0.5864/0.7377 Ma (MSWD=06216; p[c?] = 0.96 seeFigure8). All U-Pbspotdatawerealso

plottedin thesameT erraWasserburgpacewith theirindividual propagatedincertaintieprovidingaresultof 19.1+0.56/0.71

Ma. Theradial plot singlegroupageof 19.3422+0.5866/0.7379 Ma is the preferredageadoptedn this studyasdiscussedn

section5.2.

20



49
50

351
352

353
354
355
356
357

calcite wastargeted by our analysis

5 Discussion
5.1 Accuracy and precision of the U-Pb ages

The imaging techniquegoptical microscopy,SEM-EDS and LA-ICP-MS mapping) have differentiatedzonesof pristine
calciteandthe pervasivecementatiorof the nodules.Optical microscopyevidencefavoursthe hypothesiof preservatiorof
pristinecalcitein our samplegseeResultssectiond.1).In addition,prior to their extractionfrom the s1bed,all thepedogenic
nodules(alongwith clastsandfossil material)werecoatedwith animperneableclay layer, which likely hinderedsubsequent
passagef fluid into the nodules.The clay coatingis interpretedas synsedimentaryseefigures2b-d and Gagnaisoret al.,
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2023).This sealedsystemis anotherargumenin favourfor the preservatiorof pristinecalcite(PerryandTaylor, 2006)in the

noduleinteriors (SeeFigures4 and5). The nodulemorphologyis preservednot rolled or broken)anddoesnot featureany

sign of compactiomor internalcollapsewhich supportshe hypothesisof nonreworked nodules.Tubularnoduleshavealso

beenfoundperpendiculato thestratigraphythusclearlymarkingtheformerpositionof theroot. The EoceneOligocenemarls

(m on Figure 2) belowthe s1 beddo not containnodules further supportingthe hypothesighat the nodulesfoundin the s1

bedarein-situ.

The growth morphologiesdrom optical and CL microscopyindicategradualgrowth competitiontook place,indicative of a

crystallisationin a cavity thatremainedopen(e.g. Wendleret al., 2016; Prajapatiet al., 2018). The oscillatoryzoning with

multiple bright concentricsubzonesobservedunder CL (Fe is the main CL guencherand Mn the main activator) can be

explainedby small yet rapid variationsin Eh/pH conditionsaccompaniedy changesn oxidation state (e.g., Pagelet al.,
2000).With increasingoxidation, FE¢* andMn?* sensitizedoy Pl and/orCe** (Pagelet al, 2000)arereplacedby Fe¢* and
Mn®* or Mn** ions(e.g.Richteretal., 2003;BoggsandKrinsley, 2006).A plot of log [Fe]/log [Mn] ppmcanpredictif calcite

will_be bright, dull or nontluminescentin CL (Macheland Burton, 1991; Boggsand Krinsley, 2006) (seeSupplementary

Material). The specificCL patternsareconsistentvith redoxfluctuationscausedy watertablefluctuationsin a vadoseor in

afluid-saturatecnvironmen{Mason,1987;BarnabyandRimstidt,1989) whichis alsoin agreemenivith the previouspalec

environmentreconstitutiondor the s1 bed (Gagnaisoret al., 2023) Given the aboveobservationsnd sincethe oscillatory

zoningis continuouswe interpreta single continuouseventof calcite formationto haveoccurredinside the nodules.The

differing thicknessof the CL bandsappeargelatedto the size of eachcavity in the nodules,with PO0/P01/P0avingthe

largestcavitiesandbandswhile nodulesP04andP14havethinnerbands.
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Figure 7: Tera-Wasserburg concordia diagrams and lower intercept agesof all samples.For the map analysisof P00, the pooling
wasbasedon the ECDF 238U/2%%Ph. For the spot analysis,the number of spotsis indicated by N.

The LA-ICP-MS mappingtechniqueadoptedhereinis recognisedfor its potential (see Rasburyet al., 2023) in dating
pedogeninoduleshy allowingtheselectiorof only pristinecalcitein theextractionandprocessingf theU-Pbdata.However,
only one sample had large enoughcoherentzonesof pristine calcite with Pb/U ratios suitablefor U-Pb datingand a spot
analysisstrategywasusedto datetheremainingfour samplesAll six aralysegesultsyield ageswith aprecisionof 5 to £814%,
whichis consideedprecisefor LA -ICP-MS carbonatéJ-Pbdatingof suchyoungsamplegRobertsetal.,2020).Theaccuracy
of ourdatasetcanbeassessely thefactthatthefive sampleprovidethesameageandinitial 2°Pb£°%Pbwithin uncertainties,
alongwith theradial plot confirming thatthereis only oneagegroup (Figure 8). The accuracyof the mappingexperimenis
alsodemonstratedy thesimilaragesdateqwithin uncertaintiesyieldedusingthreedifferentisochronapproachessamplel he
mappingapproactdat for sampleP00(using?*8J/2%Pb asthe poolingchannel)yields 19.3+1.3/1.4Ma for the TW intercept

age,19.6:1.7/1.8Ma for theZ*8U/2%%Ph;ommon isochron(e.g., Getty et al., 2001) and an 86 TW age (Parrishet al., 2018) of
19.4+1.6/1.7Ma (section3.4andSupplementaryrable1).
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Figure 8: A) Radial plot and B) weighted averageof the samplesusedin this study. Radial plot central value and the weighted
averagevalue are indicated with 2 (internal uncertainties (sessionestimates).The full systematicuncertainties (section3.56) were
propagated onto the resultant age calculations with the same method as for the individual sample ages.C) Tera-Wasserburg
concordiadiagram of all five spotablation experiments.Seetext for the interpretation and discussionof the data.

5.2 Age of the nodulesand paleosol

Our agedataarecompatiblewithin uncertaintywith the proposediostratigraphi@ageof the continental
biozoneMN3, whichis correlatedwith the Burdigalianmarinestratigraphicage20.44 - 15.98Ma,;
Cohenetal., 2013[updated2023/09])andthe Orleaniancontinentalktratigraphicage(19.5 - 14.2Ma;
Gagnaisehlilgen etal., 2023012. Datingthe pedogenicalciteshouldprovidea minimumagefor the
paleosoformation(Rasburyetal., 1997). Thenodulesarefoundwithin the sane sedimentaryayer
(section2.2) andwe canthereforereasonablyassumehatthe crystallisationof the calciteinsideeach
nodulearosefrom the sameprocess(eskvenif theseprocess(esvolve multiple phase®f growth,
we do not seeanyevidenceof incrementalgrowth of morethanonegeneratiorof calcitefrom

petrographyand SEM-EDSmapping

,CL andSEM-EDSmapping.TheU/Pbdatesobtainedonthesefive nodulesareidenticalwithin ageuncertaintyof our method

(Fig. 8) anddo not exhibit evidencefor morethanonestageof calcitegrowth, diachronougirowthacrosgifferentnodulesor

a substantiatime spanbetweeninitiation and terminationof calcite formation. We thereforeassumehat formation of the

analysedodulegwhichareidentical within ageuncertaintyof our methodwaseffectivelysynchronousFheageofformation

To determinethe minimum ageof noduleformation,thereareseveralpossibleapproachesl) the U/Pb datewith the lowest

uncertainty(P02:19.110.84/0.94Ma), 2) the datederivedfrom the combinedTW regressiorof spotanalysesrom all five
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samples(Fig. 8C; 19.10+0.56/0.71Ma), 3) a weighted mean of the U/Pb datesfrom all analysedsamples(Fig. 8B;
19.21+0.64/0.7Ma) or 4) theradial plot age(Fig. 8A; 19.22+0.%/0.79Ma). The former two methodsmayintroducesome

biasasthey mayoverlyrely onthedatapointswith the highest8U/2°Pbratioscomingall from the samesample(P02),while

the lattertwo methodsput moreemphasion the similarity of the resultsassociatedvith individual samplesThe radial plot

showsonly oneagegroup,andthecentralagefrom theradial plot andtheweightedmeanof the TW interceptagesareidentical
within ageuncertainty.The weightedmeanagecalculationassumeshe datafollows a normaldistribution, while the radial
plot assumeshatthelog of thevaluesfollows a normaldistributioncurve (Vermeesch2018).Geochronologicaliataareless

likely thanotherdatato conformto a normaldistributiondueto the presencef outliers andthe rangeof agevaluesmustbe

positive,thusthe distributionis asymmetriqVermeesch2018).Thelog of the outliersusedin radialplotswill smooththese

deviationsandheteroscedasticariation(unequaluncertaintiesand makeit fit to the nomal distributioncurve (Galbraithet
al. 1999),which is why theradial plot centralageis preferred.This ageof 19.3422+05866/0.7379 Ma for the s1 bedallows
precisecorrelationwith otherdirecthrdatedsequencesndependentlypf thelithofaciesor fossilassemblaggsresentThisage
is thefirst absoluteagefor the continentaMiocenefaciesof the ParisBasinandto the bestof our knowledgethe youngest-

Pbagefrom pedogenicarbonatei theliterature(Tablel).

5.3Biostratigraphic significance

TheMN (MammalNeogene}tratigraphidimescalds basedn faunalcalibration.Theappearancanddisappearancef taxa
resultin a given combinationof speciesthat can be linked to a given time (Mein, 1999). The MN scaleincorporatesa
stratigraplic componentiswell asclassicalstratigraphiacorrelationsand magnetostratigraphtp help refine the agecontrol
(Hilgen et al., 2012). MN units were initially definedwithout boundariesor clearly definedlimits (e.g. Mein, 1975), but
nowadayghescak is oftenpresenteclongsidea chronostratigraphiscale with anabsoluteageassociateavith eachbiozone
boundary(e.g.Agust etal., 2001;Van Dametal., 2001;Aguilar etal., 2003; Gagnaisoret al., 2023).The absoluteagesof
the boundarieseman debated(seethe exampleof MN3 below) dueto diachronicityand incompletepaleontologicaland
magnetostratigraphicdata(Forteliusetal., 2014;Ezquerrcetal., 2022).Eachzoneis characterisely a specificfaunafound
atareferencdocality (for Europetheseare mainly in Spain France andSwitzerlandsermany thatcanbe asynchronoudy
up to 1- - 2 MaMyr in the Late Miocene(Van der Meulenet al., 2012; Forteliuset al., 2014; Ezquerroet al., 2022). The
majority of the MN zoneshave uncertaintiesattachedo their ageboundarieqFigure 9), while the applicationof the MN

timescaletypically involvesconparisonto the mostproximal andwell-constrainedeferencesectionto circumventpotential
diachronicity.Local modificationsto the MN timescalearethusoftenadoptedor selecteciozoneqHilgenetal., 2012;Van
derMeulenetal., 2012;Forteliusetal., 2014;Ezquerroetal., 2022).

To improve the precisionof this scale,the incorporationof magnetostratigraphfgas helpedto betterdefine the MN unit
boundarieswvithin basins(e.g.Agusti etal. 2001;Kd&in and Kempf2009).Steininger(1999)usedmagnetostratigraphidata
to proposethatmagnetochrorC6r (20.5Ma) representethe baseand C5Dr the top (18.5Ma) of MN3. Thetop boundaryof
MN3 wasthenextendedo chronC5Cn.2r,datedbetweerl6.6and17.2Ma, basedon magnetostratigraphgf sectionsn the
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North Alpine foreland (Agusti et al., 2001). The MN3 faunal referencesite iswas defined as WintershofWest with a
sedimentaryuccessiomlatedbetweenl7.5and18.5Ma (Hilgen et al., 2012--Refined thusonly partially coveringthe time

intervaldefined by the magnetochromagesThe MN3 boundariesvererefinedby magnetochromagesor C6r(19.979Ma) and
C5Dr(18.007i 17.634Ma) Ma-{i-e5, which arethe chronsdefinedby Steininger(1999)asbracketingthe MN3 biozong-are
presentedn, the agesof thesemagnetochronsre subsequenthupdatedby Raffi et al. (2020). It should be noted that

magnetostratigraphsequiresthick sections(typically >10 m thick profiles) and cannotalwaysbe employed.Our resultsare

compatiblewithin uncertaintiesvith the different magnetochrormgesproposedor MN3 andare not challengingthe actual
consensuaroundthe absoluteageof the baseor thetop of MN3 (Figure9).
AbsoluteU-Pb datingof in-situ pedogenicarbonategnables betterunderstandin@f the spatiotemporaldistributionand

evolutionof continentaimammaliarfaunas.This methodis not affectedby thelimits detailedabove (i.e. diachronicity,index

fossil scarcity,insufficient profile thicknes$, thusoffering a reliableopportunityto improve the local eenstraitonstrainton
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58 the MN scale.Our ageis compatiblewith an early Orleanianstageassignation(Figure 1) andthe MN3 unit (Hilgen et al.
459  2012).The ageconstraintson the Mauviéres fossil locality are thus significantly improvedby our results,but it shouldbe
460 notedthatanagefor onelocality doesnotimprovethe precisionof the MN3 boundariesit a Europearscale Thereforemore
461 studiesemploying similar method are neededfor further improvementof the MN scale, especiallyzoneswith large

1162 uncertaintiesuchasMN3.
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63 Figure 9: Overview of MN timescalesin the literature comparedto the agedata from this study. The red box defining the MN3
64 biezeneistakenfrom-Raffi-etal{(2028urrently acceptedboundariesof the MN3 biozoneis takenfrom Raffi etal. (2020)by taking
65 the baseof magnetochronCé6r at 19.979Ma and the top of C5Dr as17.634Ma. The ageof noduleformation is the result of the radial
66 plot_using the six U-Pb geochronology dates and their_respective internal _uncertainties; the full systematic uncertainty was
67 propagatedon to the radial plot result agecalculation (seesections4.4and 5.2).

468 6 Conclusions

69 Theapplicationof LA-ICP-MS U-Pbdatingof carbonatgedogenicmodulesasemployedin this studyis anefficienta robust

70  andreliablewayto provideabsoluteagedatafor terrestrialstrata.Our samplesyield a preciseandaccurateageof 19.3422 +
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07379 Ma in accordancevith earlierbiostratigraphiestimategOrleanian) demonstratinghe suitability of the methodand
confirming the feasibility of the techniqueto dating continentalsedimentaryfaciesthat do not containany index fossils or
volcanichorizonssuchaslavasor ashbeds.

Ourresultsarein goodagreementvith the biostratigraphiage(MN3 of the Neogene Mammaliantimescale)f sedimentary
horizons1from MauvieregGagnaisoretal., 2023)andrepresenthefirst absoluteageconstraintfor the MN3 unitin France.
This absoluteagedatingapproacthasthe potentialto advancechronostratigraphgndclimatic reconstructiongLiivamagi et
al., 2021) by improving inter-basincorrelationsin continentalsuccessionsind extendingsuch correlationsto the marine
sedimentaryrecord.In orderto refine the geochronoloital constraiits, the useof a more precisereferencematerialwould
decreasehe externaluncertaintieqi.e. ASH15, Nuriel etal., 2021:;JT, Guillong et al., 2020;RA138 Guillong et al., 2024).

Theprotocolfor U-Pbdatingof carbonatanodulesproposedy Aguirre Palafoxet al. (2024)offersa uniform approachanda

bags for comparisos betweerstudies While their studywaspublishedduringthereviewprocessf this manuscriptit should

benotedthatour studyneverthelesbroadlyconformswith this protocol.
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