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Abstract. We describe a new method for the measurement ab tdRos by isotope dilution multi-collector indiwly

15 coupled plasma mass spectrometry (MC-ICP-MS) far dating of geologically young clean carbonatestiqadarly
speleothems. The method is intended for mater@igaining little or no initiaf*?Th. We illustrate and validate the method
with four examples ranging from 0.57 Ma to 20 Md.darhe new method is capable of applyingZ¥g-2>Pband?3%U-234U-
208pp chronometers, common Pb and quantifiable relst@tu#?%U disequilibrium permitting. These provide an ait&tive
to the more widely use®#®U-2°Pb chronometer, which can be highly inaccurateséonples a few million years old, owing

20 to uncertainties in the excess initt&lU (hence, excess radiogeftéPb) commonly observed in speleothems.

1 Introduction

Carbonates such as calcite and aragonite existlyvigighin the geological record, occurring as skalecomponents of
fossils such as corals, primary sedimentary demposécondary deposits such as speleothems, andiressand fracture
fillings. Such carbonates have the capacity to wapa range of information about past sea level dimdate, regional
25 tectonics etc., and are of particular significabeeause they are often amenable to direct radi@rasting based on the
decay of U (Cheng et al., 1998; Edwards et al. 3200uriel et al., 2012; Rasbury and Cole, 20Q9istorically, this has
been achieved mainly usiggfu-234U-23Th disequilibrium dating (e.g. Scholz and Hoffma@p8and refs. therein), or less
commonly?3%U-23Pa disequilibrium dating (Cheng et al., 199B)ese radiometric clocks are inherently limitedsamples
younger than the timescale over which the interatedilaughter used effectively returns to seculailibgum; i.e. roughly
30 600,000 years for th&8U-234U-22Th chronometer (Scholz and Hoffmann, 2008)anium-lead dating, being based on the
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accumulation of stable radiogenic Pb, does notesufbm this limitation, and has been applied fany decades to the
dating of igneous and metamorphic accessory miméeal). Heaman and Parrish, 1291-Pb dating has also been utilised
in a more restricted way to date comparativelysadimentary carbonates (e.g., Moorbath et al., 1R&8%bury et al., 1997,
Wang et al., 1998). More recently, U-Pb dating lhesn adapted and applied to geologically youngoreates as a means of
circumventing the c. 600 ka limit of tR&U-234U-23°Th chronometer, opening up far more of the geokgiecord (Bajo et
al., 2012; Cliff et al., 2010; Getty et al., 2001;et al., 2014; Pickering et al., 2010; Richardsak, 1998; Roberts et al.,
2017; Vaks et al., 2020; Woodhead et al., 2006; dtiead and Pickering, 2012). However, the U-Pb systmains
comparatively underutilised in this regard, andegithe variety of sample material available anfedéhces in laboratory
set-up, it is unlikely that any implementation b&tU-Pb system will be universally applicable. i tend, we document in
detail a novel protocol for the U-Pb dating of carltes by isotope dilution MC-ICP-MS recently uged study of Siberian

permafrost dynamics (Vaks et al., 2020)

2 Overview of the U-(Th)-Pb system and the motivatin for a new method

The U-Th-Pb system is based on the twin decay shafiff®J to 2°Pb and®**U to 2°’Pb, plus the decay chain &fTh to
208pp, together with unradiogent€Pb. The?*’Th decay chain is not of direct relevance here asare only considering
systems that have sufficiently IG#Th that?°®Pb can also be treated as unradiogenic; for oypgsass, we considé#Th as
negligible where®*?Th/?% < 0.002 (section 3.5). Owing to the insolubilif Th in many aqueous systems, many
carbonates approximate#&Th-free system (e.g. Thomas et al., 2012; Valed.e2013b).

Most previous U-Pb work on carbonates has focusedhe 228U-2°Pb system taking either a traditional solution-blase
isotope dilution approach where the samples akedpwith an isotopic tracer, dissolved, and thenWhand Pb purified for
analysis on a multi-collector MS, or have utilisaditu laser ablation analysis (e.g. Getty et al., 200dke®?ing et al., 2010;
Roberts et al., 2017; Woodhead et al., 2006). Vitaliy pursued the former route (Mason et al., 204s it offers better
precision, e.g. < 0.1% uncertainty versus c. 0.6%nore by laser ablation on tR&U/?%®U ratio and < 1 % by isotope
dilution versus 5-10% by laser ablation on #f#J/2°Pb ratio, as well as the ability to date youngetemial with lower U
and Pb concentrations (Cheng et al., 2013; Lin.e2@17; Roberts et al., 2017; Spooner et al. 620oodhead et al., 2006;
Woodhead and Petrus, 2019). However, becausevediatarge samples (>100 mg) were required, mimisation of the
columns to help control blanks was not an optioakimy the anion exchange chromatography both tioreswming and
challenging. Although reasonable Pb blanks (4 pal tBb for a 2 ml resin bed) were attainable, teiguired secondary
distillation of reagents, for example. We also eiqgreced problems with the inconsistent purity dfedient anion exchange

resin batches, with some batches yielding muchemifthb blanks (> 40 pg). Moreover, to avoid wasgffgrt and reagents
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on processing unradiogenic material, separate naissance analysis would be required to first ifedatable material,
adding to the overall time needed to obtain an Bigeing a simplified procedure that simultaneousBintained acceptable
precision, side-stepped the Pb blank associated aviton exchange chromatography and minimisedithe penalty for
processing unradiogenic material to the point fegiarate reconnaissance U-Pb analyses were uremgcessre significant

motivations for developing a new method.

A caveat in U-Pb dating is that calculated U-Pbsaggn strongly depend on the assumptions madediegahe initial state
of the decay chains, especially initf&lU/2%8U, 22°Th/2%8U, and®**Paf*™U ratios (Ludwig, 1977)For carbonates precipitated
from fresh or sea waters, initi@’Th and®*Pa are likely to have been near absent owing tio ihsolubility in aqueous
systems (Cheng et al., 1998; Edwards et al., 2808) thus, in practice do not present a major soaf@ge uncertainty.
However, initial?®*U can be strongly enriched with init#fU/238U ratios as high as 7 to 12 times equilibrium knaan
occur (Kronfeld et al., 1994; Plagnes et al., 200&ks et al., 2013b). If unaccounted for, the @i##4J excess could lead to
239-20%pp age inaccuracies of upwards of 2 Ma. For samplese the initiaf**U disequilibrium has not yet completely
decayed (typically <2 Ma old), the initi&*U/?*® ratio can be calculated from the meas#fédd/?*®U ratio as part of the
age calculation (here termed thf8U-23U-2°Pb chronometer), avoiding such inaccuracies. Howdwe older material, the
initial 234J/2%%U ratio must be assumed in the age calculatiore(tegmed thé38U-2°Pb chronometer), potentially leading to
significant inaccuracies in assessed ages. Whys extend beyond the limit of tR&U-34U-2°Pb method, particularly
where there is evidence for large variability intiad 234U/2%8 ratios, the?®®U-2°"Pb chronometer could prove a powerful
alternative dating tool. Such a situation was foumspeleothems from Siberian caves (Vaks et @20 which provided an
additional motivation for developing the dating eggch presented here. We pursue a solution-basétbdhever laser
ablation in order to obtaining preci$&U/?%®U measurements to effectively utilise th8U-2*U-2°Pb chronometer and
because it represents a better prospect for degettte tiny quantities of radiogeri¢’Pb necessary to apply th&U-2°Pb
chronometer to samples a few Ma old.

A second caveat in U-Pb dating is that carbondftes @ontain an appreciable amount of initial (coomnPb that must be
accounted for, usually requiring some form of igochtechnique, though the choice of isochron usaikes widely (e.qg.
Mason et al., 2013; Pickering et al., 2010; Woodhetal., 2006)One approach (e.g. Roberts et al., 2017) is ¢otle
intersection of an isochron ##U/2°Pb —20PbP%Ph (Tera-Wasserburg) space (U/2°Pb —20PbP%%Ph —294Ph2%%Ph
‘total’ Pb space, Ludwig, 1998) with concordia teteimine the’®®U/?%%Ph,q ratio ¢®Phaq = radiogenic®®Pb) and, by
extension, the age. However, this approach presladendependent assessment oftfe/2°’Ph.q ratio, inhibiting the use
of the 2%U-2"Pb chronometer. This strategy is further compliddig the calculation of concordia itself being seévis to
initial disequilibrium in the?*® and?*®J decay chains. Alternatively, separate 2-D isonhrbased on unradiogerff‘Pb

(e.g. Rasbury and Cole, 200€an be used to independently correct comfi#tb and commof’Pb, permitting the usage
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of both the®8U-2%Pb and?*®U-2°"Pb systems. Nevertheless, usfitPb has the practical drawbacks of it being a low-
abundance isotope and suffering an isobaric inemfee on ICP systems from instrumental Hg. Howewegffectively
232Th-free samples, the much more abund&ib can be used in place?fPb as the unradiogenic Pb isotope (e.g. Mason
et al., 2013). Implementing a streamlin@Pb-based approach, which obviously requires ##&b be measured, was a

further motivation for the development work presehhere.

In summary, the objective of the present work igptesent a new isotope dilution based method thearmlines sample
preparation, particularly with regard to analysinignk-sensitive Pb/Pb and U/Pb ratios and whicbwall a2°%Pb-based
approach to common Pb correction, such that¥he234U-29%Ph and?**U-2°"Pb chronometers can both be utilised, where the

nature of the sample permits.

3 Protocol description
3.1 Protocol overview and reagents

The protocol comprises two distinct analytical gadares carried out sequentially, which in tandeeniatended to provide
the information necessary to calcul@f8U-23U-2%%Ph, 238U-2%Ph, and?3*U-2°"Pb ages, utilising®®b for common Pb
correction. The first procedure is concerned wighermining theé38U/2%Pb, 233U/2°Pb, 2°%PbFP%Pb and?’®PbF°’Pb ratios
within a sample or part of a sample if more thae growth interval is present. The second procedum®ncerned with
analysing the same sample material to characteesielual 24U/>8 disequilibrium, where the aforementioned U/Pb

measurement indicate$®U->34U-2°Pb age may be attainable.

The two procedures collectively require the follogireagents, consumables etc. but will otherwisedseribed separately:

e 18.2 MQ.cm water

e Quartz-distilled (or equivalent high-purity) 10 MdHand dilutions of this

e Quartz-distilled (or equivalent high-purity) 16 M\D; and dilutions of this

e Reagent grade 16 M HNO

e Bio-Rad AG-1 X8 anion exchange resin (or equivdl@fb-200 mesh

e 15 ml polypropylene bottles, acid cleaned for ~detvin 1-2 M distilled HN@ then rinsed thoroughly with 18.2
MQ.cm water

e 22 ml or 27 ml PFA vials, acid cleaned in hot, camtcated reagent grade Hil@r ~1 week, then refluxed in
distilled 10 M HCI for at least 24 hours, and thagbly rinsed with 18.2 I®.cm water after each acid stage

e 2 ml Bio-Rad polyprep columns (or equivalent), acidaned for ~1 week in 1-2 M distilled HNChen rinsed
thoroughly with 18.2 MR.cm water
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e CRM145 (New Brunswick Laboratory) natural U, or e@lent U isotopic reference material.

e Single element Tl standard

The quartz-distilled acids used are comparableotorgercially available ultra-pure acids — i.e. pptawer concentrations
for the analytes of interest. The 18.22Mm water used is approaching absolute purityHeranalytes of interest (e.g. < 20

ppq for Pb). All dilutions of distilled acids wepeepared with 18.2 K1.cm water.

3.2 U-Pb measurements

Collected samples were first sawn using a diamaated wire saw to reveal their internal structund provide access to
the stratigraphic horizons or growth domains oéiiest. Clean carbonate subsamples weighing betevee?500 mg were
then cut from specific stratigraphic horizon orwgtlo domains using a small diamond circular saw @adsferred to acid-
cleaned 15 ml polypropylene bottles. These subsssnplere then sonicated repeatedly in 18Q.dvh water until no
suspended particles were visible, rinsing betweeh evash. The subsamples were then twice acidedifan a few minutes
in distilled 2 % HNQ@ with sonication to remove any residual dirt andfaze contamination. Following each wash, the
subsamples were thoroughly rinsed with 18.2.Mn water and sonicated to ensure removal of asigdueal acid and
dislodged surface material. Each acid wash wasvethbefore the acid was consumed, to prevent ptisorof dissolved
ions back on to the surface of the sample. Whempkamaterial was abundant, we used initial subsamasses of a few
hundred milligrams for ease of handling during nlag, but this mass was reduced where material limgited. The
subsample mass after cleaning should be no snmb#erc. 10 mg. Cleaned subsamples were then stmtddhe day of

analysis.

Subsamples were usually taken from specific sadphaains without prior characterisation of the USstem. Instead,
surplus subsamples were prepared from a numbeiffefetht samples or sample domain to provide tlesifflility to re-

target the subsequent analytical session, as @bea@pparent which material was radiogenic andiwivis not.

On the day of analysis, one to two drops of a mikéelb->*°Th-236U (~30 uL drop volume, c. 15 pg (#12%%U, c. 1 pg ptt
20%pp, and 0.5 pg pt23Th; full isotopic calibration is given iMason et al., 2013) spike in ¢. 2 M Hh®as added directly
to the acid cleaned carbonate subsample and gegitpted to mix as the spike dissolved the subsam@leaned
subsamples were not weighed in order to minimigallrg. Instead, the mass of CagCfiom the subsample used was in
excess of the HN®in the spike, such that the spike can dissolveptammaterial until the contained HN@ consumed,
thereby fixing the mass of sample material dissbl{tgpically 3-8 mg) to c. 10 % of the added spikass. Although not
critical to the age calculation, this allowed this@lute sample U concentration to be estimatedowitiveighing, based on
the amount of sample expected to dissolve in angimass of spike. Once visible reaction with th&kepvas complete, the

solution was diluted to around 15 ml with 18.Z3Mm water, thoroughly shaken to homogenise and itmenediately
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analysed, with no preconcentration of U and Phbutidih to c. 15 ml provides sufficient solution theck instrument set-up

(see below) prior to analysis, allows replicatelyses if needed, and mitigates matrix loading @nitistrument.

Analyses were performed on a first generation Nasfh MC-ICP-MS (Belshaw et al., 1998%ing the collector
configuration given in Table 1 and described furtbelow. The instrument was fitted with a set oft{pe’ Ni cones
reserved for very low level Pb work. Sample intrctiion was via a DSN100 (Nu Instruments) desolvasing either a c. 50
puL min? or 75 puL mint self-aspirating PFA nebuliser (ESI). The instrutnand desolvator were slightly modified by
replacing the gas and sample lines with acid cleédeA to lower the long-term instrumental Hg backgrd, reducing the
204Hg interference of*Pb. The ‘Hot Gas’ feed to the DSN100 spray chamizer also disconnected and sealed.

At the beginning of an analytical session the insgnt was prepared by cleaning the desolvator amgle lines with 10 %
HNOs, 2 % HNQ, and 18.2 MR.cm water. The Ni cones were also gently cleanedrsing with DI water prior to use to
remove excessive Ca build-up from the skimmer agifrom previous use, however, as far as posdidesurface coating
on the cones was not disturbed. The instrumentties initially tuned and optimised with ¢.100 ppts®lution and 5 ppb
CRM145 U solution (both in 2% HN{ Pb was avoided to prevent re-contamination efitistrument and, sufficient Pb-
blank was present in the Tl solution to identife tAb peaks. Instrumental Pb background could teefurdther reduced by
temporarily lowering the auxiliary gas flow (to@5 L min') with RF power at 1300 Watts, allowing the plasmaun hot

to ‘evaporate’ residual Pb from the instrumentrifatee and then using relatively cool running coods (auxiliary gas flow

of 1.15 L min' and 1200-1250 Watts RF power). In some instartbésyeduced the Pb background by a factor of >10x
without major loss of sensitivity. The instrumerasithen left for several hours until Hg adsorbedheninterface etc. had

evaporated and the Hg background had stabilised.

After the initial tuning and optimisation of thestnument on the dilute Tl and U solutions, instratreettings were checked
on actual samples. At the beginning of an anallysession, particularly after the cones had beeansdd, it was often
necessary to refocus the zoom optics to obtainm@btiflat-topped peaks on the matrix-heavy sampldse DSN100
membrane gas flow was also retuned to suppresslecutar interference observed to overlap the Plkgeaarticularly
208pp, but with its peak centres offset by c. 0.15 Aldlthe low-mass side of the Pb peaks. The c. ANMIB mass offset
generally made the superimposed interference paakeus, such that the DSN100 ‘membrane’ gas flowla be adjusted
while performing a mass scan until the superimpgseak had been largely eliminated. Based on thes roffset, the
interference is a molecular of a mid-mass elem8nf)," is suspected based on the group 2 element-richixmaaid the
relative magnitude at masses 208, 207, 206 etc.sldmal intensity of this interference varies oweweral orders of
magnitude with the DSN100 ‘membrane’ and ‘hot’ gattings, but has been observed to be largely mdited by disabling

the ‘hot’ gas flow and setting the ‘membrane’ glasvfslightly below the optimum value for Tl signatensity on the pure
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Tl solution. Where a small residual interferences\saen (only apparent é¥Pb and occasionally up to 10 % of #&®b
signal, but only on highly radiogenic samples itite 2°%Pb), the mass offset between the Pb and interfedre@ams meant
the extreme high-mass side of the Pb peaks wastigfly resolved from the interference, proving lpshape was optimal.
No correction was made for the;Ss* interference and the method is based on its @fteelimination.?°®Pb, although not
directly used for age calculation, forms the bas$ithe common Pb correction (section 3.5), soiatdtage, an assessment of
any residual interference was made in terms dhifgact on the common Pb correction. Where no resithterference on
2%pp was observed, or where it was considered imekefe.g. for material with almost no common Phg, instrument was
set to analyse on the centre of the Pb peaks timom stability. Where this was not the case, paldrly where?*U-2°"Pb
ages were targeted (owing to the larger commondPiection or?°Pb), the instrument was set to analyses on thermgtr
high mass side of the Pb peak flats where thefertnce is effectively resolved. No evidence déiferences on U has
been observed.

Table 1. Collector configuration for U-Pb analysis.

Axial low mass Integration time

step | DVM6 | DVM7 | DVM8 ICO DVM9 IC1 | bvM10 IC2

0 208 206 204 10s

1 207 10s

2 206 204 202 10s

3 204 202 10s

4 238 236 235 10s

5 238 236 235 10s

6 232 230 10s
DVM' collectors are Faraday collectors, 'IC' coites are electron multiplier ion counters. Step ®ptional and
can be omitted if thé*?Th is already known to be negligible in the sam{@ey. from a prior attempt at U-Th
dating).

Analyses were carried out in a six-step routinéhilite magnet switched successively between stepsgTL) for 10 or 15
repetitions. In steps 0-8%Db,2%"Pb, 2°Ph, 2%Pb+%Hg, and?*Hg were measured on three ion-counters (ICx callsdn
Table 1) separated by Faraday collectors (DVMxemtirs in Table 1), which are not used in thegessteving to the small
size of the Pb signals. The relative gains of tired ion counters were determined based on thessige measurement of
the mass-204beam on each ion counter during the analy%Bb is measured entirely dynamically owing to thedounter
spacing. lon counter gains and dynamic ratios wingl?°’Pb etc. were calculated with no beam interpolatietween steps
assuming a steady-state measureméiHg was measured and used to correct foPtfiég interference (typically c. 15%
of the total 204 beam with the quantity of spike used here). Ips#-5>38J was measured on a Faraday collector, %#id
and 23U measured alternately on both Faraday and ionteguthe intention being that this gives the optiarusing the
Faraday/Faradad?8J/2%%U ratio or the Faraday/ion count&fU/?**U ratio (using theé3®U to calibrate the ion counter gain as
needed) depending ¢&U signal intensity. An optional step witi?Th in ICO and?*Th in IC1 (Table 1) can be added
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where estimation of samp#&Th/U ratio is required (as a che€®Th is negligible), if this is not already knowndefrom a
prior attempt at U-Th dating). Mass fractionation £) was determined from the measuf&/?3°U ratio of the samples and
an assumed natural value of 137.75 (based on datzafbonates precipitated from surface waters sanised inHiess et

al., 2012 from Stirling et al., 2007 and Weyer bt 2008) Mass fractionation for Pb was also estimated dbase the
measurec®38/?*%U ratio but with a + 2 %J/AMU offset applied based previous characterisation of the U-Pb mass
fractionation behaviour of this instrument (Masamd aHenderson, 2010)n these tests, the offset between U and Pb
fractionation was observed to be nearly constaer @/wide range of fractionation values, includthgse seen for the
matrix-rich samples analysed here. Samples weshadhout with 10 % and 2 % distilled Hi®@hile the next sample was

spiked. Analysis time was around 15 minutes.

Instrument settings were checked periodically durihe analytical session to ensure peak centriegk pshape, and
suppression of interferences was maintained. Sipeaie was taken when highly radiogenic materigatée of yielding

precise ages was encountered and, when the ingitums set to measure on the extreme high masssithe Pb peak
flats. The DSN100 was re-cleaned with 18.2¢m water as required to remove U and Pb backgroumnehen sensitivity

dropped due to Ca-loading of the membrane.

Explicit procedural blank corrections were not méali¢he U-Pb analyses owing to the measured blamals being below
the instrumental detection limit. However, basedadiypically observed detection limit for total Bbc. 20 ppq (based on

208ppy), an upper limit for the total procedural Pnklaan be estimated at c. 0.3 pg.

3.3 Choice of tracer solution

We use a mixed®®U-23Th-204Pp tracer for isotope dilution (calibration in Maset al., 2013). Using the non-radiogenic
20%pp as tracer allows the measurement of the radiog®®b and’’’Pb and it is the least abundant of the four st&ile
isotopes in the sample¥4Pb is also more easily obtainable than artifiéiePb and?®Pb. The instrumental Hg background
also makes the small unspik&@b signal unsuitable as a monitor for common Phawit preconcentration, so spiking with
20%ph does not sacrifice any sample information thamilds otherwise have been obtainable. Moreover2¥a-234U-2°%Pp
chronology, using a tracer witfPb paired with artificiaf*®U means that the criticdt®U/?°Pb ratio is determined from the
238U/23% and?°PbPOPD ratios, so it is relatively insensitive to imstrental mass fractionation due to the mass diftexdor
the natural/spike isotope being the same for botmtd Pb. Fof*8U-224U-2°Ph chronology on the instrument usélPb is
also more favourable th&¥°Pb because it can be collected simultaneously eridih-counters wit°Pb, whereas®Pb
cannot (Table 1°Pb may, however, represent a better option forrdthedware configurations. The disadvantage ofgisin
20%pp is that sample (and blan¥fPb must be corrected for, but this correction cardniuced by adding sufficient spike

20%pp that the sample contribution is minor. In oase the sample to spike weight ratio is limitecabmut 0.1 by the

8



availability of the HNQ in the spike to dissolve sample. For most analyibés corresponds to >98.5 P%Pb arising from

the spike, with many of the highly radiogenic asely (i.e. the fractions for which precise ages lmambtained) having

>99.8% of the®Pb originating from the spike. Any age bias intreeldiin accounting for the sampRéPb is therefore likely
250 to be at the %o level and less than the typicalyital precision on thé&8U/?°Pb and?*°U/?°"Pb ratios.

230Th is included in the tracer to provide the optiormeasuré®*’Th as a check th&#Pb is unradiogenié3°Th is preferable

to artificial 22°Th on the instrument used because of the 2 AMUisgauf the ion counters (Table 1). Again sampfh

needs to be accounted for, but for samples in tiRblage range, sampi&Th is likely to be close to equilibrium wif*U.
255 Moreover, the®?Th only needs to be measured semi-quantitatively eseck of the applicability of the method, andds

used in the age calculation.

3.424U/28 measurements forP38UJ-234U-2%Ph chronology

Where the U-Pb data indicated a particular samplaain is radiogenic and potentially young enoughetain measurable
residual®®4U disequilibrium, the domain was additionally arsalgt for the?*4U/?38 ratio for 228U->24U-2°Pb chronology.
260 Sample aliquots of up to about 0.2 g were dissolrdi purified to obtain U cuts. As far as possthése aliquots comprised
the residual solution and remaining carbonate ftoenU-Pb analysis, so that the U/Pb &#t/33U measurements were
made on as close to the same material as posBiskolution was by addition of 0.2 ml of 10 M H®I the residual solution
+ residual carbonate. After obvious reaction haased, the solution was transferred to clean 22rr@lfanl PFA vials and
evaporated to dryness. The sample was then codvertehloride form by adding 1 ml 10 M HCI and agaiaporating to
265 dryness. Samples were then dissolved in 1 ml dfi1CI for loading onto columns for separation ofRurification used 2
ml Bio-Rad polyprep columns and an AG1X8 anion exde resin bed of 2 ml. Resin was batched pre-etbdy
suspending it in either 18.2®Mcm HO or dilute HCI, allowing it to settle and decaugtiany residual suspended fines 8-10
times. Resin was then loaded into the column aedneld sequentially with ~10 ml (column reservdied) 18.2 M2.cm
H20, 10 M HCl and 18.2 If2.cm HO. The resin was then conditioned with two 4 mijadits of 10 M HCI, and the sample
270 loaded and matrix Ca eluted with 2 x 5 ml aliquatda0 M HCI. Sample U was eluted with 2 x 5 ml aligs of 18.2 M.cm
water and collected in the origin PFA vial (whiclaswinsed first with 18.2 B.cm HO to remove the bulk of any sample
Ca residue). The purified U was measured on thessastrument, with th&*U and?3®U respectively measured on ion
counter and Faraday collectors. Standard bracketiiily CRM145 (CRM112a) was used to correct both fioass
fractionation and ion counter gain.
275
Owing to the very smaf*U blank signal, theé*U/2%8 ratio of the U blank could not be meaningfully asared, so no
blank correction was routinely applied to #J/?3% measurements. The typical procedural blank ferr#u/?%®U ratio

measurement was c. 50 pg U.
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Purification of the U fraction is required becaubke 23U/%U ratio must be measured to a higher precision than
238/2%%Pp ratio. This requires preconcentration of theo litain a sufficiently largéU signal to ideally obtain better than
1 %o precision. Uranium, however, is generally lb&snk sensitive than Pb so the ion exchange proeeidurelatively

straightforward. Moreover, only those samples fhiclr a2*4U/2%% measurement will be beneficial need be processed.

3.5 Non-radiogenic Pb correction and Age calculatio

To obtain an accurate age, it is necessary to atdou any non-radiogenic Pb (blank and sample commb) in an
analysis. The preferred method used here is tomnmP-D isochron-type approach in which &J-(>34)-2°Pb andc?>*U-
207Pp systems are independently corrected for comnipmeRpectively irt®PbPPb238U/2%%Ph and?PbPPb2*U/°"Pb
isotope space; example plots are shown in secBoasd 6. For &Th-free system, subsamples of the same age should
define a mixing trend between the comm&Rb’>Pb composition falling on th@PbF>Pb axis (i.e. whergYU/2%Pb = 0)
and the radiogenié¥U/?>Pb composition falling on th&YU/?”Pb axis (i.e. wheré’®PbF>Pb = 0, assuming atP%®Pb is
common), wheré®Pb is the daughter ®U. The common Pb correction can then either be rbaditing a regression line
through the data to estimate ##8J/°“Phaq ratio (the intersection with tHFé"U/”*Pb axis), or a regression line can be fitted
to estimate the commot¥®Pbf>Pb composition (the intersection with tH8PbP>Pb axis), which can then be used to
correct each U-Pb analysis based on its meagtficol’>Pb ratio. The latter option is preferred here beedt allows age-
independent scatter in the radiogerfU/?”Pb ratio arising from differences in initial disdirium state to be
accommodated; the estimation of the common Pb ceitipio is insensitive to such scatter in the radiig composition
providing that any regression is anchored by nedfifi unradiogenic analyses. Correcting measureniadigidually also
allows for the pairing of each corrected U-Pb asialyvith a correspondirg‘U/>%U measurement, capturing any additional

information encoded in th8*U/>3% ratio. For regressions we use the method of Yb8i69)

In practice, when dealing with a set of relatederiat (e.g. different growth domains in the samelepthem, or different
speleothems from the same cave), isochrons foryesemple domain to be dated were not constructdtieabutset to
attempt to minimise analytical effort. Instead,adatere acquired until subsets of material approtiilgaa mixing trend
between the radiogenic and common Pb end membeld e identified (e.g. an unradiogenic layer ggraphically
bracketed by more radiogenic layers) and regretssedtimate the common Pb composition. This esémas then used as
the basis for the common Pb correction in the withta set for the related material under consigeratWhere samples
proved complex in terms of their U-Pb systematicklitional analyses were added to provide furtharacterisation and to

allow true isochrons to be constructed if needed.
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In reality, 2%2Th will be present in trace amounts, with the riisgltrace?°®h.q shifting the?°PbP>Pb ratio to slightly
higher values than if3°Th was absent, slightly biasing the calculat@/?®Ph.q ratio. We consider the bias to be
acceptable without correction fdf?Th where 2%2Th/”U < 0.276 (equivalent t@%*Th/%®U < 0.002). This threshold
corresponds to a maximum bias in #H&J/2°"Ph.q ratio of c. 0.6 %, or c. 1/3 of the typical anagt precision on the
measured®U/?°Pb ratio; the*3U/?°Ph,gq ratio is much less sensitive owing to the smalt@nmon Pb correction ¢i®Pb.
Setting this limit on?3?Th in terms of the Th/U ratio has two effects innte of 2°PbF>Pb?3U/?”Pb space. Firstly, it
constrains thé®Ph.d?Ph.q ratio to be close to zero by limiting the ratiotbe respective parent isotopes, such that an
accurate radiogen®YU/“Pb composition can still be obtained by extrapotato the?>U/?*Pb axis (i.e. td°®PbPoPb =
0). Secondly, it constrains compositions with a I0i#?b ratio to also have a low Th/Pb ratio, suct txtrapolation to the
208ppPPh axis £YUP¥Pb = 0) to obtain the common Pb composition witbatorrespond to &?Th-free composition free
of radiogenic®Ph.

For relatively young samples in whiéffU/2% disequilibrium can still be quantified, mod@&fU-2*4U-2°Pb ages were
calculated from each corresponding pair of U-Pb &id/%®U analyses, using the estimated commRbP%Pb ratio to
correct for the total non-radiogerf®Pb, based on the measuré#bFPb ratio. In this instance, the initi&@tJ/2%U ratio
was calculated from the measufétl/?*® ratio as part of the age calculation analogoud-fth dating. For older material,
model?38J-2%%Ph ages were calculated using an assumed ifitiai3®J ratio (which was chosen arbitrarily in the prdsen
work for illustrative purposes only). Mod&U-2°"Pb ages were calculated in an equivalent way camgedor the total
non-radiogenic®Pb in the analysis based on the meas@t®bfPb ratio and the estimated commS#PbPb ratio.
Where 23%U-2"Pb ages were calculated but no correspondifig->*4U-2°Pb age could be determined, tH8J—2°%Phb
system was solved for the init&fU/?%® ratio using the calculated’Pb/*U age.

Alternatively, Tera-Wasserburg space was used iictwthe age is determined without explicit commdn d®rrection,

based on the intersection of an isochron with codiag(e.g. Roberts et al., 2017)his approach, however, is not favoured
by us as it does not allow separate evaluationhef?t8U-(?3U)-2°Pb and?*®U-**Pb systems (and often involves
assumptions about initial disequilibrium in orderdalculate concordia) but is utilised here wheseessitated to compare

independently obtained data (e.g. wA&Rb was not measured).

Model ages and concordia were calculated usingndmoise implementation of the general decay equatijiven by Faure
(1986) in which the decay chains are simplifiecftt) — 224 — 23Th — 2?2Ra— 2°Pp and®*U— 3Pa— 207Ph. Initial
230Th and?*%Pa were assumed to have been absent and ifffiRé was assumed to have been at equilibrium. Decay
constants used werE3U: 1.55125 x 100, 234J: 2.82203 x 106, 25°Th: 9.17055 x 16, ?Ra: 4.33488 x 16 2%U: 9.8485 x
1070, 231pa: 2.11583 x 18 2%2Th: 4.9475 x 10! (Cheng et al., 1998, 2013; Steiger and Jager, 18§€)uncertainties were
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determined using a Monte Carlo approach to progagaglytical uncertainty and uncertainties aridirogn initial ratios
such as the common Pb composition and initial Uojsic composition. A naturad®®Pb’Pb ratio of 37.210 (95%
confidence level) was assumed when accountingdimpse?®‘Pb in the isotope dilution calculation; the largeertainty is
to cover reasonably foreseeable terrestrial isotopriations. As part of the isotope dilution cdddion the spike?*Pb
proportion is output so that analyses with an esigessamplé®Phb contribution can be identified. For most anatys®©9%
of the total”®*Pb originated from the tracer. Blank Pb is not safgdy corrected for and is dealt with as parthef total non-
radiogenic Pb correction, however, given a numbdeanalyses have yielded >99% radiogetif®b, the Pb blank can be
considered a generally minor source of non-radimgeh.

4 Protocol validation methodology and sampling

In the absence of suitable well-characterised cwmteoreference materials during the period of nettthevelopment, the
validation of the new procedure required meansrdtian the direct analysis of reference materiadsan alternative, we set
four independent validation tests for the new métho

1) The new method must be able to produce data/agesistent with measurements by a conventional isotop
dilution approach with purification of U and Pb.e.inot removing the matrix must have no appreeighpact on
the resulting data/ages.

2) The method must be able to generate U-Pb agevdhasystematically with stratigraphic order in sd@s where
the successive growth intervals are resolvable.

3) In samples where the common Pb correction perthiesmethod must be able to generate concordam?34U-
206ph and?*U-2""Pb ages.

4) The method should replicate data obtained indepelyd@a a different laboratory.

These four tests have been performed on three samfiSH-15, SLL10-6, and JOHO-1. A fourth sam@8B, pkl142 is
analysed as a case study for the application ofte’°’Pb chronometer.

ASH-15 is a calcite flowstone comprising a youngelatively thin brownish layer overlying an oldenore massive
yellowish layer (Fig. 1), and originates from Ashakcave, Negev Desert, Israel. The massive yelaysr has previously
been independently analysed at the University adbbligrne (Vaks et al., 2013ahd the University of Oxford (Mason et al.,
2013)and has an age of ¢. 3 Ma and a U concentration of c. 1.5 ppm; 2%?Th is negligible (Mason et al., 2013Jhe latter data
set, obtained with purification of the U and Pinfrthe matrix, is compared to new data obtainedguia new protocol (i.e.

without matrix removal) as a preliminary test of nemoving the matrix.

12
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SLL10-6 is a high-U (6 to 43 ppm) calcite stalagamfitom Ledyanaya Lenskaya cave, Siberia (Vaks .et28R0) The
sample comprises several distinct layers designfited A to G, in order of increasing stratigraptdge and mostly
separated by visible hiatuses (Fig. 1). All sevemtigraphic layers have been analysed using the pretocol. Five
subsamples each from the F and G layers have atofwurified and analysed using the method of Masah (2013) This
provides control data, such that the reproducibdit the F and G ages, with and without matrix safian, can be tested.
The multilayer nature of the sample is additionakgd to test the ability of the new method to poedages in stratigraphic
order, while the high-U nature of the sample makeaitable for testing concordance?U-24U-2°Pb ages an#U-°"Pb
ages. Previou¥?Th/”%U measurements from this sample and other sammaasthe same cave (Vaks et al., 2018ive a
maximum?32Th/2%8U ratio of 1.6x16 and indicates the radiogerf®Pb contribution is insignificant.

JOHO-1 (Fig. 1) is a fault vein calcite from theddie East with a relatively low bulk U concentratiof 0.3-0.5 ppm. The
fault vein has been analysed independently at thigdisity of Oxford using the new protocol descdlsnd at the NERC
Isotope Geoscience Laboratory (NIGL), Keyworth, Ul laser ablation ICP-MS, following the methodsRafberts et al.
(2017) The laser ablation analyses targeted a domatrirtbluded material with a much higher U conceimrat(up to 25
ppm). The sample is used to test the new protdedhter-laboratory comparison.

13
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Figure 1. Samples: ASH-15 is a calcite flowstonedm Ashalim Cave, Negev Desert. It comprises a lowgellow-orange unit c. 3
Ma old and a younger brown unit not analysed hereSLL10-6 is a calcite stalagmite from Ledyanaya Ler@ya Cave, Siberia. It
comprises several layers designated A to G in ordesf increasing stratigraphic age, each apparently eparated by a hiatus.
SB_pk142 is an aragonitic speleothem comprising dofvstone that has merged with and encased two statites. The prominent
iron oxide-stained layer (dashed line) separatingtsatigraphically older and younger parts of the sanple should be noted. The
flowstone portion of the sample shows prominent lamation (sub-horizontal as viewed). The larger oftie two stalactites forms the
relatively featureless portion of the sample (withsaw cuts on the left image), but some growth lamiea(near vertical as viewed)
can be seen on the right image, and these pass éonbusly, but with sharp inflection, in to the flowstone portion of the sample
below the iron oxide-stained layer, indicating thestalactite and lower part of the flowstone are stragrahically equivalent.

Remnants of a smaller stalactite form the extremeop left corner of the sample on the left image. Téportion of the flowstone
above the iron oxide-stained layer appears to encaghe stalactites and, hence, is mostly younger thahem. Arrows indicate

growth direction. JOHO-1 is a calcite fault vein fom the Middle East.
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SB_pk142 (Fig. 1) is an aragonite speleothem fratotskaya cave, Siberia. The sample consists ofgbar stalactite that
has merged in to flowstone, with the remains oteosd smaller stalactite (now encased by the flonestportion of the
sample) on one corner of the sample, and tracesddish-brown clay on the stratigraphic base offith@stone. The sample
contains two stratigraphic domains separated byoaipent iron oxide-stained lamina, possibly reprgfig a hiatus.
Multiple subsamples from both stratigraphic domaiese been analysed using the new method. A nofebterre of
speleothems from this cave is the large and vaf&fil excess, with known initigP4J/2%U ratios ranging between 3.4 and
8.1 times equilibrium (Vaks et al., 2013b, 2020hisT sample is used as an example application of?th&2°"Pb
chronometer to a cave system where#3g-2°Pb chronometer is problematic. Aragonite samplesfBotovskaya cave
show consistently low?Th/28 ratios (<2x1¢, Vaks et al., 2013b)), such that the radiogefif®b contribution is

insignificant.

Detailed representative sample petrography for s&srfpom Ledyanaya Lenskaya and Botovskaya cagesietl as details

of the caves themselves are given in Vaks et @lL3@, 2020)
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Figure 2: Preliminary data from ASH-15 showing comg@rison of data obtained with the new method with nqreconcentration
with published data obtained with preconcentration(Mason et al., 2013) The critical result is that the data produced usig the
new method are co-linear with the data obtained wit preconcetration and define a common isochron. Thetersection of the
isochron with the 2°Pbf%Pb axis gives the commorf%%Ph2%%Ph ratio and the intersection with the 238U/2%%Ph axis gives the
238/2%pPhyoq ratio providing the 2°%Pb is entirely unradiogenic.
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5 Protocol validation results
425 5.1 ASH-15

Results for ASH-15 are given in Table 2 and FigTBese analyses were intended as a preliminaryhasthe new U-Pb
measurement procedure without matrix separatiomymes data consistent with published data (Masoal.et2013)
obtained using the same spike but with purificatadnU and Pb from the matrix. The new analyses sightly less
radiogenic than the analyses of Mason et al. (2di@)ever, they are not exact replicates of theesampsamples, so some
430 variation in the proportion of common Pb can beeexed. The critical feature is that the data witld avithout matrix

separation are co-linear defining a common isocliFém 2) and are therefore consistent.
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Figure 3: A) Modified Tera-Wasserburg diagram showng the control data for SLL10-6 G and F layers obtmed with purification
of the U and Pb from the matrix following the metha of Mason et al. (2013)Because the initia?*4J/>8J ratio is not known a

435 priori a unique concordia curve appropriate to each sampl layer cannot be defined. Instead, two sets of iiimes (the sub-
horizontal curves) connecting concordia curves (nathown) with different initial 234J/23%U ratios are plotted. The first set connects
points of equal 24U/?3 ratio for values corresponding to the mean meased 234U/?%%U ratio (+ uncertainty) for the F and G
layers. The second set of tie lines are age contsuconnecting points of equal age. The interpretethdiogenic 238/?°Pb and
radiogenic 2°"Pb/2%Pb ratios must simultaneously satisfy the tie-lineorresponding to the measured®U/?3& ratio, and the mixing

440 trend with common Pb defined by the regression fit§grey shaded bands) to the measured U-Pb data -e.ithe intersections shown
with the black ellipses. The age is then defined byhere the intersection falls in relation to the ag contours. The vertical dashed
lines indicate the radiogenic?3®U/2%%Ph ratios interpreted from regression intercepts in?°%b/2%%Pp-238Y/20%P] isotope space (not
shown but equivalent to Fig. 6a) as a cross-checknd are consistent with the aforementioned intersé¢ions. B) Enlargement of the
intersections between the regression fits to the rasured data and the equaf4U/?3 tie-lines for the sample measured34U/%38

445 ratios. Age contours correspond to the maximum andaninimum 238J-234J-26Pp age defined by the intersections for each sample
layer. Calculations assumé38/233J=137.75, no initial?*'Pa or 25°Th and equilibrium initial ??°Ra.
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5.2 SLL10-6

Control data for the F and G layers obtained withfigation of U and Pb from the matrix followinge method of Mason et
al. (2013)are given in Table 2 and Fig. Bata and ages obtained using the new analyticahadetogy for all layers of

450 SLL10-6 are also given in Table 2, and Fig. 4. R&afor the control data were 4.1 pg Pb, 24.8 pgiute F layer and 42.0
pg Pb, 18.8 pg U for the G layer. Control datatdamk corrected.
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Figure 4: Summary data for SLL10-6 showing the reptation of the ages from the layers F & G obtainedising the method of
455 Masonet al. (2013) (ages with ‘iso.’ label) with the ages ohiteed using the new method, and the consistency dfe ages produced
with the new method with the stratigraphic order of the sampled layers. The inset shows isotopic dafeom the layers B & C
which includes some of the least radiogenic analysebtained from this cave, and were used to help mstrain the common
208pp2%ph to ¢. 1.5 {°%Pbl%%Pb axis intercept). The rather low (radiogenic) common 2°%Pb/2%%Ph ratio is considered to have
resulted from ingrowth of 2°%Pb in the source of the common Pb (presumably theage host rock), prior to the growth of SLL10-6.

460 In terms of the measureéfU/2°Pb ratio, for the F layer, the control data arekmdly more precise than the data obtained
using the new protocol (typical relative uncertgiof £ 0.075 % versus * 0.9%; Table 2), but thecj@ien is more similar
for the G layer (0.8 % versus 1.2 %) owing to thegér Pb blank correction in the G layer contrdedd@he control data
yield 238J-234J-2%%Pp isochron ages of 1073.6 + 6.7 ka and 949.9 «&.(85% conf.) respectively for the G layer and th

upper part of the F layer. The corresponding ageshie G layer and the upper part of the F layaaiabd using the new
17
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protocol are 1076.2 +8.5/-8.8 ka and 944.7 +5.6/Ka respectively. Th&®U-234U-2°Ph ages therefore replicate with an
uncertainty of better than 1 %, irrespective of thiee the matrix is removed or not. Moreover, thecgion of the ages is
not greatly degraded by applying the simplifiedtpool and interestingly, the higher analytical psegm of the control data
for the F layer does not translate to higher ageipion because of scatter in the data.

238-234Y-2%%pp ages for SLL10-6 obtained using the new proteeny systematically from 1076.2 +8.5/-8.8 ka nter
stratigraphic base of the sample to 571.4 +13.4-k& near the stratigraphic top of the samplehwib age reversals.
Treating replicate and overlapping ages as singlees, five distinct age values are observed. KediHood of these ages

falling in stratigraphic order as the consequeraeftuke result is, thus, 1 in 5!, or less than.1%

23-29Ph ages obtained for SLL10-6 using the new methedess precise than tR#U-234U-2°Pb ages owing mainly to
the proportionally much larger common Pb correctori®Pb. Nevertheless, the most radiogenic analysest @yand Fp
yield reasonablé®U-°"Pb ages of 1060 +46/-48 ka and 960 +47/-54 ka ctisply, in agreement with the corresponding
238-234U-20%Pp ages of 1076.2 +8.5/-8.8 ka and 944.7 +5.6k&.6All other obtained®U->°"Pb ages are also concordant
with their corresponding®®U-234J-2°Pb ages.

5.3 JOHO-1

Results for JOHO-1 are given in Table 2 and Figl'te results are intended as an inter-laboratorypesison of isotopic
measurements made using the new protocol at theetsity of Oxford, with those obtained independgatl NIGL by laser
ablation. Results are given in terms BUPh20PbPo%Ph ratios for compatibility with the NIGL laser akibn
measurements. In terms of the measti&df?°Pb ratio, the precision of the two data sets ispamable (with typical £ 2 %
uncertainties for the Oxford solution data versugtfor the NIGL data; Table 2). However, the Ni@ta targeted a small
domain with up to 25 ppm U, whereas the solutioasuoeements were made on material with a bulk U exutnation of 0.3-

0.5 ppm.

The NIGL data define a mixing trend from highly i@gknic compositions (with &8U/2°%Pb ratio of ¢. 340 and?d'Pbf°%Pb
ratio of ¢. 0.05) falling just above concordia, tods a common PEPb’Pb ratio of c. 0.65, but with the majority of the
analyses clustering towards the radiogenic endefttend. The Oxford data fall towards the radiégemd of the same
trend and are thus consistent with the NIGL analys®l yield a comparable age if common assumpétiomsised. Thus, for
example, regression of each data set through a oorfffPb?°%Pb ratio of 0.65 + 0.1 yields concordia interceqit49.34 +
0.30 Ma and 19.19 £ 0.15 Ma respectively for théa@k solution data and NIGL laser ablation datanmydia assumes no
initial 23°Th or®Pa and equilibrium initia#*®U and??®Ra). Less spread towards unradiogenic composit®ssen in the

Oxford data, but this is unsurprising given thatde analyses were made.
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Figure 5: Tera-Wasserburg diagram showing a compason of data from sample JOHO-1 obtained at NIGL byL A ICP-MS with

500 data obtained at Oxford using the new method. Datare presented in®3U/2%%Pb —29Pb/2%%Ph isotope space for compatibility with
the NIGL LA data and because no independent measungent of the 232Th/238 is presently available. Equilibrium concordia is
shown for reference. The co-linearity of the Oxfordand NIGL data indicate the consistency of the twalata sets. The intersection
of the array of data with concordia at?3%U/2°%Pb c. 340 and?®’Pb/2°%Pb c. 0.05 gives the radiogenic end member withotlte use of a
purely unradiogenic Pb isotope, but at the expensef obtaining independent?%U/?°Pb ages. The intersection with concordia

505 corresponds to an age of c. 19.25 Ma, assuming eduium initial 23U. The intersection with the?°’Pb/?°Pb axis gives a common
207Pp/2%ph ratio of c. 0.65. The somewhat low (radiogenicjommon 2°"Pb/2%Pb ratio is attributed to ingrowth of 2°%Pb in the
source of the common Pb prior to sample formation.

6 SB_pk142 results

Results for SB_pk142 from Botovskaya cave are shiswfiable 2 and Fig. 6. On A%PbF%Pb23%U/2Pb plot data from
510 SB_pk142 fall on two distinct trends correspondioghe stratigraphically older and younger sectiohthe sample. The
stratigraphically older part of the sample has asitently lower?3®U/2%Pb ratio for a givert®®PbP%Pb ratio than the
stratigraphically younger section. The interc€ft)/2°Pb values of the two trends at c. 685 and c. H<€pactively for the
older and younger sections of the sample corresgondpparenf®®-2°Pb ages of ¢. 9.5 Ma and 7.2 Ma, assuming
equilibrium initial?®%U and no initiaP*°Th. The assumption that initi#@* was in equilibrium is likely incorrect (see belpw
515 but demonstrates the point that there is an apgdrkcapparent age difference between the oldeyamager sections of the
sample, which appears consistent with the appaiatis, and the age order superficially agrees thighstratigraphy of the

sample. The commdii®PbF%Pb ratio suggested by the upper and lower sectibtie sample are not appreciably different.
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Figure 6: Isochron plots for sample SB_pk142. Theolder’ and ‘younger’ sections are respectively strigraphically older and
younger than an iron oxide-stained lamina possiblynarking a hiatus. Based on the maximun®3?Th/238J observed for aragonite
samples in this cave (Vaks et al., 2013a), ingrov#ffPb is estimated to make no more than a c. 3 %o coiftution to the 2°%Pb/2%%Ph
and 2%%Pb/2°’Ph ratios for the most radiogenic analyses, beconmaninconsequential for the least radiogenic analysesThis
contribution is negligible for the common Pb corretion and has a maximum effect on the?f®U-2"Pb) age of ~0.5 %.. In both plots
the isochron intersection with the x-axis correspods to the common Pb composition, while in the effaee absence of ingrown
208pp, the intersection with the y-axis corresponds tthe 2U/2%Phrag ratio. A) 299Pb/2%Ph-238/29%Ph plot showing the two portions
of the sample falling on clearly distinct trends coesponding to apparent?3U -2%%Ph ages of ¢. 7.2 Ma and c. 9.5 Ma. The dashed
lines are reference isochrons for 6 Ma and 10 Ma asming equilibrium initial 2>4J. The figures in brackets are the initial?4U/23&
activity ratios associated with each portion of thesample, estimated by solving thé*®U-2%%Ph decay equation using thé&3U-20"Pb
age. B)2%Pb07Pp-235U/207Pp plot showing the two sections of the sample falj on a common trend, suggesting they actually hav
a similar age of c. 6 Ma. The 6 Ma reference isochn on Fig. 6A is considered to represent the truega of the sample based on the
23-20Pp data. The plotting of the data on two separateral apparently older isochrons in Fig. 6A is attribuable to the distinct
and high initial 234U/23& ratios in the two parts of the sample, which redted in two populations of data with different radiogenic
208pp excesses relative to the 6 Ma reference isochron
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On a 2%PpPYPph233U/APh plot data from SB_pkl142 show a rather differpattern and the data from both the
stratigraphically older and younger portions of themple define a single trend with an interceptcofl71.2. This
corresponds to #°U/2°Pb age of ¢. 6 Ma, and suggests the stratigraphickler and younger portions of the sample are

not, in fact, appreciably different in age, and tiv@ sample is rather younger than{##-2°Pb system suggests.

The data show basically coherent mixing lines betwa radiogenic end-member and common Pb. Thugjitkespancy
between theé*¥U-2°%Pp system anéf®U-2°"Pb system cannot be easily attributed to open sybthaviour. Moreover, such
an explanation would require U or Pb isotopes frtma two systems to have behaved differently. Exérefiu
disequilibrium is, however, known to occur in saagpfrom Botovskaya cave, with initiZ?U/>8% ratios between 3.4 and
8.1 times equilibrium reported for samples from kst 0.5 Ma based on U/Th dating (Vaks et al.,3202020). Excess
205pp from the decay of excess initf&tU will make the?®U/2°Ph.q ratio appear low (old) compared to the correspudi
235/207Phy,q ratio, with the discrepancy depending on the ahitt%U/?%U ratio; in other words it allows time-independent
variation of the?38J/2%Ph,q ratio not seen in th&U/?°Pb ratio. This could account for older apparéit->°Pb ages and
the difference between tH€PbPOPH238U/20%Ph and?®PbPO’Ph#3U/2°Pb plots. Excluding subsamples 15-17, which are
unradiogenic, the upper section of the sample givesear?®®U->’Pb model age of 5.9 Ma with typical uncertainties o
individual 22%U/?°"Pb model ages of + 0.2 to 0.3 Ma, and suggestsital 734U/>3% ratio varying between 3.8 and 5.8 times
equilibrium (Table 2). This initia®*4U/?3%U is typical of that already documented from Botaws cave. The lower section
of the sample is generally slightly less radiogebiat where subsamples yietltbU/2°’Pb ages they are indistinguishable
from the upper section of the sample. Calculatédhirt>U/>% ratios for the lower part of the sample are highan those
previously reported but not particularly unexpeckedthis cave, at between 10 and 11.6 times daitilin. It is uncertain
why the initial®4U/?%8J changed between the two sections of the saniplagh the fact that a prominent iron oxide-stained

lamina separates the two portions of the samplesée indicate a change in growth conditions oelirr

Table 2. U-Pb data and ages

Table 2a. Preliminary test data for ASH-15 obtainéttiout preconcentration of U and Pb.

B[P+ - W08ppophy  + -
ASH-151 1 104¢ 31 31 1.067 0.032 0.032
ASH-15I _1 (replicate 108: 32 32 1.05¢ 0.032 0.032
ASH-151 2 128¢ 3¢ 3¢ 0.86¢ 0.02¢ 0.02¢
ASH-15I _: 128( 38 38 0.86¢ 0.02¢ 0.02¢
ASH-151 4 134( 4C 4C 0.82¢ 0.02¢ 0.02¢
ASH-151 & 113¢ 34 34 1.04¢ 0.031 0.031
ASH-15! 5 (replicate 109« 33 33 1.047 0.031 0.031

Uncertainties are 95% confidence
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560 Table 2b. Isochron reference data for SLL10-6 F@nubtained with preconcentration of U and Pb. Eatdlysis is a separate subsample.

1D 23Eu/ + - 207Pb/ + - p (23Eu/ ZOEPb/ + _ p (23Eu/
206ppy 206ppy 26pp. 26 206p,.

207ppy 208ppy/

ZOGPb)a ZOGPb)a
SLL1C-F-top  532¢ 4 3 0.0381: 0.0006¢ 0.0007- -0.71 0.009¢ 0.001: 0.001: -0.72
SLL1C-F-top 5328 5 4 0.0372: 0.0010( 0.0010¢ -0.8¢ 0.007: 0.001¢ 0.001¢ -0.8¢
SLL1C-F-top 5337 4 5 0.0360¢ 0.0010( 0.0009* -0.7¢ 0.005: 0.0017 0.001¢  -0.8C
SLL1C-Ftop  532C 3 3 0.0383¢ 0.0005: 0.0005¢ -0.62 0.010° 0.001C 0.001C  -0.64
SLL1C-F-top  528¢ 4 4 0.0401( 0.0009¢ 0.0010( -0.81 0.015( 0.001¢ 0.001¢  -0.82
SLL1C-6-G 472C 40 34 0.0708¢ 0.0051¢ 0.0061:. -0.9% 0.088- 0.013:  0.015C  -0.9¢
SLL1C-6-G 4564 3C 2€ 0.0893¢ 0.0039° 0.0047! -0.9¢ 0.134° 0.010C _0.011: -0.97
SLL1C-6-G 491( 46 4C  0.0460: 0.0061( 0.0069% -0.9¢ 0.024¢ 0.015¢ 0.016¢  -0.9¢
SLL1C-6-G 491t 49 42 0.0492° 0.0064: 0.0073 -0.9¢ 0.032¢ 0.016: 0.018.  -0.9¢
SLL1C-6-G 487z 39 32 0.0552! 0.0048¢{ 0.0057¢ -0.9¢ 0.048:¢ 0.012: 0.014:  -0.9¢
Table 2b continued.
1D ZSEUl + _ ZOEPb/ + _ p (ZBEu/ 234u/ ZSEU + _

207Pb 207Pb 207Pb_208Pb/

207Pb)a
SLL1C-Ftop 100z 2C 19 0.24¢ 0.027  0.02¢ -0.9¢ 5.92411-05 7.0E-08  6.2E-08
SLL1C-Ftop  102¢ 32 28 0.19¢ 0.042  0.04¢ -0.9¢ 5.9223I-05 6.6E-08  6.7E-08
SLL1C-Ftop 1061 2¢ 28 0.14(¢ 0.04¢  0.04: -0.9¢ 5.9202F-05 6.6E-08  6.4E-08
SLL1C-Ftop 994 1€ 14 0.278 0.02z  0.021 -0.91 5.9192I-05 5.9E-08  5.9E-08
SLL1C-Ftop 94t 25 24 0.37¢ 0.03¢  0.03¢ -0.9¢ 5.9187I-05 6.0E-08  5.7E-08
Mear 5.9209t-05 2.8E-08  2.8E-08
SLL1C-6-G 484 4¢ 37 1.24¢ 0.09C  0.11¢ -0.9¢ 5.7588I-05 6.5E-08  8.9E-08
SLL1C-6-G 371 28 18 1.50: 0.04¢  0.05¢ -0.8¢ 5.7587-05 6.0E-08  8.5E-08
SLL1C-6-G 77¢ 14z 10C  0.52% 0.241  0.32¢ -0.97 5.7610-05 5.7E-08  9.0E-08
SLL1C-6-G 7217 13z 92 0.65¢ 0.222  0.30¢ -0.97 5.7548I-05 6.2E-08  8.5E-08
SLL1C-6-G 64z 7¢ 57 0.87¢ 0.13¢  0.18¢ -0.9¢ 5.7535E-05 6.2E-08  8.5E-08
Mear 5.7574F-08 3.9E-08  3.9E-08

Uncertainties are empirical 95% confidence MontddCarrors. The slight variations in the model \edor different samples
are random fluctuations arising from the Monte Gagpproach. Data are corrected for procedural blank

#Correlation coefficient for the uncertainties or 8pecified ratio pairs.
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565 Table 2c. U-Pb dat&3®U-23U-2°Pb ages antf®U-2°"Pb ages for SLL10-6 obtained without preconcerutnatif U and Pb.

1D 23Eu/ + - ZSZU/ + _ ZOEPb/ + _ p (23Eu/ p (234u/
206ppy 206ppy 206ppy 26pp,.  2oepp.

20y 20ppy

ZOGP b)a ZOGP b)a

SLL1C-6 A 5741 65 71 0.383¢ 0.004: 0.004¢ 0.500: 0.004: 0.004¢ -0.21 -0.21
SLL1C-6 A 5777 97 9€  0.386: 0.006¢ 0.006¢ 0.498 0.009¢  0.009: 0.07 0.07
SLL1C-6 B 2047 16¢ 15¢ 0.127¢ 0.010¢ 0.009¢ 1.031¢ 0.0557 0.054. -0.0¢ -0.0¢
SLL1C-6 B 2054 14€ 13 0.128« 0.009. 0.008: 1.014: 0.043¢ 0.043t -0.0¢ -0.04
SLL1C-6 Brecleaner  415¢ 71 73 0.259¢ 0.004:! 0.004¢ 0.472% 0.013¢ 0.011¢ 0.1¢4 0.14
SLL1C-6 Brecleaner 4178 75 92  0.260¢ 0.004: 0.005: 0.466¢ 0.013: 0.010¢ -0.11 -0.11
SLL1C-6 B-C hiatu: 1441 35 67 0.090. 0.002: 0.004: 1.123¢ 0.010C  0.009C -0.4C -0.4C
SLL1C-6 C 554¢ 11€ 11C 0.348( 0.007¢ 0.006¢ 0.147: 0.005: 0.002¢ 0.04 0.0¢4
SLL1C-6 C 550¢ 6C 58 0.345" 0.003¢ 0.003" 0.147¢ 0.002° 0.001¢ -0.0¢ -0.0¢
SLL1C-6 D recleaner 4561 12¢ 17z 0.278¢ 0.008( 0.010¢ 0.276¢ 0.007: 0.007¢ -0.1% -0.1¢
SLL1C-6 Drecleaner 458t 9€  10€ 0.280¢ 0.005¢ 0.006¢ 0.272! 0.008¢ 0.006( 0.1¢ 0.1¢
SLL1C-6 D-E hiatu: 468: 44 3¢ 0.287( 0.0027 0.002¢ 0.234t 0.009¢  0.005¢ 0.0¢€ 0.0¢
SLL1C-6 E 432¢ 74 11z 0.263¢ 0.004f 0.006¢ 0.336¢ 0.0067 0.005° -0.3C -0.3C
SLL1C-6 E 431¢ 72 82 0.2637 0.004< 0.005. 0.332¢ 0.004¢ 0.005: 0.1¢ 0.1¢
SLL1C-6 F tog 5168 45 44 0305 0.002¢ 0.002¢ 0.071: 0.001¢ 0.001¢ 0.21 0.2C
SLL1C-6 F botton 454° 48 43 0.269¢ 0.002¢ 0.002¢ 0.203¢ 0.002¢ 0.002¢ -0.1¢ -0.1¢
SLL1C-6 G 483t 5¢ 56  0.278: 0.003¢ 0.003: 0.054t 0.001¢ 0.001¢ -0.01 -0.01

Table 2c¢ continued.

ID =4y 23y + - Model + - 3ty- + -

com. 234-

208y 20epp

206ppP age

(Ma)

SLL1C-6 A 6.6867E-05 1.3E-07 1.2E-07 1.471 0.10(¢ 0.10:z 0.573: 0.013( 0.014:
SLL1C-6 A 6.6868E-05 1.3E-07 1.3E-07 1.47( 0.09¢ 0.09¢ 0.571«¢ 0.0137 0.014¢
SLL1C-6 B 6.2476E-05 5.8E-08 5.9E-08 1.47( 0.10(¢ 0.09¢ 0.732¢ 0.0907 0.102¢
SLL1C-6 B 6.2475E-05 5.7E-08 5.9E-08 1.472 0.09¢ 0.101] 0.749: 0.079.  0.093¢

SLL1C-6 B re-cleaner  6.2475E-05  6.0E-08 6.0E-08 1.47C  0.09¢ 0.09¢ 0.786:  0.017% 0.019¢

SLL1C-6 B re-cleaner  6.2475E-05  6.0E-08 5.9E-08 1471  0.10C 0.101 0.787: 0.018¢  0.018:

SLL1C-6 B-C hiatu: 6.2559F-05  5.3E-08 5.1E-08 1.471 0.10C 0.10(¢ 0.784(  0.0927 0.116¢

SLL1C-6 C 6.2759F-05  5.7E-08 5.8E-08 1.471 0.10C 0.09¢ 0.777:  0.009¢ 0.010:

SLL1C-6 C 6.2760F-05  5.9E-08 5.9E-08 1.47C 0.09: 0.10¢ 0.780:  0.006z 0.006¢

SLL1C-6 D recleaner  6.1141F-05  5.8E-08 5.7E-08 1.47C  0.09¢ 0.10(¢ 0.861f  0.019¢ 0.017:

SLL1C-6 D recleanet  6.1141F-05  5.6E-08 5.6E-08 147: 0.101 0.101 0.860¢  0.014¢ 0.014:

SLL1C-6 D-E hiatu: 6.1277F-05  5.1E-08 5.2E-08 1471  0.09¢ 0.09¢ 0.862(  0.008.  0.009¢

SLL1C-6 E 6.1021F-05  5.7E-08 5.7E-08 1.47C  0.10z 0.09i 0.8657  0.015: 0.014(
SLL1C-6 E 6.1021F-05  5.7E-08 5.7E-08 1471  0.10: 0.10¢ 0.868°  0.014¢ 0.014:
SLL1C-6 F tog 5.9194F-05  5.0E-08 4.9E-08 1471  0.10¢ 0.09¢ 0.944°  0.005¢  0.005¢
SLL1C-6 F botton 5.9397F-05  5.0E-08 5.0E-08 1.47C_ 0.101 0.10¢ 0.952¢  0.008. 0.008:
SLL1C-6 G 5.7497F-05  4.8E-08 4.9E-08 1471 0.09¢ 0.102 1.076:  0.008% 0.008t¢
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570 Table 2c continued.

D Initial n - Z) + - DPpp + - p U/
234ul 23% 207Pb 207Pb 207Pb_
208ppy
207Pb)a
SLL106 A 1.150E-04 2.2E-06  23E06 1864  2.C  2.£ 224 0.05( 004 0.2
SLL1C-6 A 1.146(-04 24E-06  24E06  183<  4€ 4€  218( _ 0.07¢ 0.07¢ 0.74
SLL1C-6 B 1.1476-04  1.7E-05  15E05  32F 36 4C  2.25¢  0.36: 0.31f 0.7€
SLL106 B 1.1756-04  15E-05  15E05 34 47 34 2355 034 0.30¢ 0.8

SLL1C-6 B re-cleaner  1.240E-04  3.5E-0€  3.7E-06€ 143. 4.C 3.€ 2.24¢ 0.1217 0.091 0.7¢
SLL1C-6 B re-cleaner  1.242F-04  3.7E-0€  3.6E-06€ 140.¢ 4.7 6.4 2.16i 0.07¢ 0.09¢ 0.5¢

SLL1C-6 B-C hiatu: 1.249E-04 2.0E-05  2.0E-0% 22.2 0.7 0.7 2.39( 0.07¢  0.057 0.2i
SLL1C-6 C 1.248E-04 2.0E-0€  2.0E-06 453.7 12.2 12t 1.661 0.061 0.05¢ 0.5t
SLL1C-6 C 1.254E-04 1.3E-06  1.3E-06 439.¢ 14.z 17.2 1.62¢ 0.082 0.06¢ 0.91

SLL1C-6 D recleaner  1.252E-04 4.1E-0€  3.3E-0€ 239.] 9.4 10.2 2.00¢ 0.107 0.10% 0.57
SLL1C-6 D recleaner  1.250E-04 3.0E-0€  2.8E-0€ 242.¢ 7.1 10.€ 1.98¢ 0.08C 0.10% 0.7
SLL1C-6 D-E hiatu: 1.268E-04 1.7E-06  2.0E-06 283.¢ 4.5 3.7 1.95; 0.094¢ 0.05: 0.2¢

SLL1C-6 E 1.246E-04 3.1E-0€  2.7E-06 191.¢ 5.1 5.t 2.05¢ 0.09:  0.08 0.7¢
SLL1C-6 E 1.252E-04 2.9E-0€  2.8E-06 195.¢ 5.6 5.t 2.07¢ 0.08C 0.06¢ 0.8
SLL1C-6 F tog 115704 1.0E-0€  9.7E-07 598.¢ 114 11C 1.3 0.02: 0.02¢  0.2¢
SLL1C-6 F botton 1.201E-04 1.5E-0€  1.6E-06 288.t 5.C 5.t 1.78C 0.03¢ 0.03t  0.5¢
SLL1C-6 G 1.076E-04 1.3E-0€  1.3E-06 614.2 8.t 9.1 0.95¢ 0.03¢ 0.028 0.3t

Table 2c¢ continued.

ID Model  + - Model + - 2pp- + - 207ppy/ + -

com. =8/ 25 206py,

208ppy/ =Y age

207ppp (Ma)
SLL1C-6 A 2.46: 0.13: 0.13¢ 137.7¢ 0.1¢ 0.2C 0.223: 0.004: 0.004¢
SLL1G-6 A 2.46¢ 0.13¢ 0.13¢ 137.7¢ 0.2C 0.2C  0.68: 0.32: 0.34:  0.228¢ 0.006: 0.006:
SLL1C-6 B 2.46: 0.13¢ 0.13i 137.7¢ 0.2C 0.2C 0.459: 0.068: 0.060¢
SLL1C-6 B 2.46¢ 0.13% 0.13¢ 137.7¢ 0.2C 0.21 0.432¢ 0.057: 0.053¢
SLL1C-6 B re-cleane  2.467 0.13¢ 0.14( 137.7¢ 0.2C 0.2C 0.210¢ 0.006¢ 0.006:
SLL10-6 B re-cleane  2.46¢ 0.131] 0.13¢ 137.7¢ 0.2C 0.2C  0.91¢ 0.42¢ 0.42¢  0.215! 0.007: 0.006(
SLL1C-6 B-C hiatu: 2.46: 0.13¢ 0.12¢ 137.7¢ 0.2C 0.2C 0.470( 0.010¢ 0.013:
SLL1G-6 C 2.46¢ 0.13; 0.13: 137.7¢ 0.2C 0.2C_ 0.77¢  0.10¢ 0.10¢  0.088: 0.003: 0.00:0
SLL1G-6 C 2.46¢ 0.13¢ 0.13¢ 137.7¢ 0.2C 0.2C  0.83z  0.12¢ 0.12¢  0.091( 0.003: 0.003:

SLL1GC-6 D recleaner  2.46¢ 0.13¢ 0.13¢ 137.7¢ 0.2C 0.2C  0.84¢ 0.272 0.27¢ 0.138¢ 0.006:  0.005¢

SLL1GC-6 D recleaner  2.46% 0.14( 0.13¢ 137.7¢ 0.2C 0.2C_ 0.85¢ 0.281 0.28%6 0.137. 0.006:  0.005:

SLL1C-6 D-E hiatu: 2.46¢ 0.132 0.13¢ 137.7¢ 0.2C 0.2C 0.78: 0.17¢ 0.227 0.119¢ 0.002¢  0.002¢

SLL1C-6 E 2.46¢ 0.13¢ 0.13¢ 137.7¢ 0.2C 0.2C 0.92¢ 0.31¢ 0.33¢  0.164(  0.006:  0.005¢
SLL1C-6 E 2.46¢ 0.132 0.13¢ 137.7¢ 0.2C 0.1¢ 0.86% 0.29¢ 0.31¢  0.160¢«  0.005°  0.005¢
SLL1C-6 F tog 2.46¢ 0.132 0.14: 137.7¢ 0.2C 0.2C__0.96C 0.04: 0.05¢ 0.062¢  0.001:  0.001(
SLL1C-6 F botton 2.46¢ 0.13¢ 0.13¢ 137.7¢ 0.2C 02C 1.02¢ 0.4 0.16(C 0.114¢ 0.002C  0.002:
SLL1C-6 G 2.46¢ 0.137 0.13¢ 137.7¢ 0.2C 0.20 1.06C 0.04¢ 0.04¢ 0.057: 0.001C  0.001(
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575 Table 2c continued.

D pCUI  p(Ul  p (Pl % n -

206py- 206py- 206pp-208p/  concord-

207pp/ 207pp/ 206ppy2 ance £*U-

200ppya 200ppya 207ppy

agePtU-
20%pp age)

SLL1C-6 A 0.6¢€ 0.6t -0.0¢ -
SLL1C-6 A 0.4z 0.4z -0.21 119 57.4 60.1
SLL1C-6 B 0.5C 0.5C 0.0t -
SLL1C-6 B 0.4¢ 0.4¢ -0.0% -
SLL1C-6 B re-cleane: 0.5: 0.5: -0.2C -
SLL1C-6 B re-cleane: -0.02 -0.02 0.1¢ 116.5 53.1 54.
SLL1C-6 B-C hiatut 0.52 0.52 -0.1¢ -
SLL1C-6 C 0.5¢ 0.5¢ 0.3C 99.¢ 13.6 14/
SLL1C-6 C 0.2¢ 0.2¢ -0.0¢ 106.¢ 16.5  16.€
SLL10-6 D re-cleaner 0.4C 0.4C -0.0¢ 98.t 31.&  32.C
SLL1C-6 D re-cleaner 0.44 0.4< 0.1¢ 99.: 324 30.1
SLL1C-6 D-E hiatu: 0.6¢ 0.6¢ 0.12 90.7 20.€  25.
SLL1C-6 E 0.6t 0.6t -0.34 107.¢ 37.5  39.:
SLL1C-6 E 0.4¢ 0.4¢ 0.0€ 99.€ 34.2  36.C
SLL1C-6 F tog 0.3 0.31 0.6( 101.5 5.1 5.7
SLL1C-6 F botton 0.44 0.44 0.1¢ 107.t 15.7 16.7
SLL1C-6 G 0.5¢ 0.5¢ 0.0€ 98.t 4.t 4.€

Uncertainties are empirical 95% confidence MontelcCarrors. The slight variations in the model
values for different samples are random fluctuatiarsing from the Monte Carlo approach. Analyses
with the same designation are replicate measurenoémihe same subsample.

#Correlation coefficient for the uncertainties oe 8pecified ratio pairs.

5The assumed composition and uncertainty used toencakrections for the Pb initially in the
samples.
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Table 2d. U-Pb data obtained without preconcemtnadi U and P?*%U-2Pb reference ages afitlJ-2"Pb ages for SB_PK_142. TAEU-2°Pb reference
ages use an arbitrary assumed inAfél/?°%J and are included only to highlight the apparege difference between the upper and lower portiohe
580 sample.

ID sy o+ - 2%pp/  + - p ®*U/ Model + -
206ph 206pp 26ph-initial U/
208Pb/ 238Uc
206Pb)a

Subsamples 15-21 (stratigraphically younger than Fe stained lamina)

SB PK142 (1¢  630. 142 14z 0.693: 0.018¢ 0.015( 0.07 5.4999F-05  5.58E-08  5.37E-08
SB PK142 (1¢  635.¢ 11.¢ 191 0.6922 0.012( 0.011: o0.1¢ 5.5000F-05  5.38E-08  5.37E-08
SB PK142 (1€  726.7 8.4 10.2  0.466¢  0.027¢ 0.013: 0.1¢ 5.5000F-05  5.51E-08  5.53E-08
SB PK 142 (1€  733.t 15.C  16.2 0.453¢ 0.018° 0.015( 0.1cC 5.5000F-05  5.66E-08  5.54E-08
SB PK142 (1 753t 174 21.2 0426¢ 0.027¢ 0.012¢ 0.3C 5.5000F-05  5.57E-08  5.30E-08
SB PK 142 (17 759.€ 11.5 10.3 0.411¢ 0.012: 0.009. 0.2t 5.5000¢E-05 5.42E-08 5.40E-08
SB PK 142 (1€ 851.: 6.7 6.5 0.051: 0.000¢ 0.000¢ -0.17 5.5000k-05  5.60E-08  5.69E-08
SB PK 142 (1¢ 860.t 14.7 134 0.050¢ 0.001C 0.001C -0.11 5.5000¢E-05 5.41E-08 5.51E-08
SB PK 142 (1¢  897. 16.2  16.1  0.041¢ 0.0007 0.0007 -0.0¢ 5.5000k-05  5.54E-08  5.38E-08
SB PK 142 (1¢  917.C 16.C _ 15.7 0.040¢ 0.001C 0.000¢ 0.02 5.5000E-05  5.42E-08  5.50E-08
SB PK 142 (2C  922.1 10.z  10.E  0.0167  0.000: 0.000: 0.0¢ 5.5000k-05  5.65E-08  5.45E-08
SB PK 142 (2C  906.t 10.¢  10.6  0.016¢ 0.000¢ 0.000: 0.0¢ 5.4999F-05  5.52E-08  5.47E-08
Subsamples 1-14 (stratigraphically older than Fe stained lamina)

SB PK 142 (1 406.2 9.4 127 0.9789  0.017¢ 0.016: 0.07 5.5000k-05  5.46E-08  5.55E-08
SB PK 142 (1 404.¢ 9.1 9.C 0.990¢  0.022: 0.019: -0.0¢ 5.5000k-05  5.50E-08  5.41E-08
SB PK 142 (1 399.1 9.8 9.4 0.994. 0.027°  0.022¢ -0.0¢ 5.5000k-05  5.56E-08  5.62E-08
SB PK 142 (Z 677.¢ 18.2 18.C  0.0965  0.004¢ 0.003¢ 0.02 5.5001F-05  5.38E-08  5.45E-08
SB PK 142 (Z 665.7 152 15.C  0.072(  0.002¢ 0.002: 0.04 5.5001F-05  5.38E-08  5.37E-08
SB PK 142 (¢ 656.2 144 13.€ 0.070* 0.001: 0.001¢ -0.1¢ 5.5000F-05  5.55E-08  5.59E-08
SB PK 142 (< 664.2 11.2 10 0.071C 0.001¢ 0.001: o0.01 5.5000F-05  5.59E-08  5.53E-08
SB PK 142 (£ 504.1 117 17.F  0.611f 0.014: 0.014: -0.5% 5.5000F-05  5.53E-08  5.43E-08
SB PK 142 (£ 521.¢ 9.7 9.2 0.601. 0.022¢ 0.011: 0.31 5.5000F-05  5.50E-08  5.55E-08
SB PK 142 (& 695.2 5.7 6.5 0033/ 0.001: 0.000¢ -0.3t 5.5001F-05  5.34E-08  5.48E-08
SB PK 142 (& 665.5 9.C 8.t 0.035:  0.000° 0.0007 -0.1: 5.5000F-05  5.63E-08  5.39E-08
SB PK 142 (i 652.( 16.2  15.6  0.054¢ 0.001° 0.0017 -0.0¢ 5.4999F-05  5.47E-08  5.48E-08
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585

Table 2d continued.

ID Model + - 238Y-20¢pp + - By + - 208 pp/ + -

com. age (Ma) 207pp 207pp

208pp/ (assumed

206ppyd initial

234ulz38U)c

Subsamples 15-21 (stratigraphically younger than Fe stained lamina)
SB PK 142 (1t 2.36¢ 0.13¢ 0.13¢ 7.3¢2 0.28  0.2¢ 14/ 0.5 0.5 2.18¢ 0.092 0.09¢
SB PK 142 (1t 2.37( 0.13¢ 0.14: 7.2¢ 0.2¢ 0.2 14.€ 0.7 0.6 2.18] 0.09¢ 0.08¢
SB PK 142 (1€  2.36¢ 0.14:2 0.14¢ 7.2% 0.17 0.1¢ 24.2 0.7 0.6 2.14(C 0.17¢ 0.08¢
SB PK 142 (1€  2.36¢ 0.14(C 0.137 7.21 0.2z 0.1¢ 25.2 1.C 0.5 2.14¢ 0.09¢ 0.09¢
SB FK 142 (17  2.371 0.13¢ 0.13¢ 7.1z 0.2% 0.2% 27.1 1.2 1.z 2.11¢ 0.12¢ 0.14¢
SB PK 142 (17 2.371 0.13¢ 0.13¢ 7.1z 0.14 0.1€ 26.€ 1.1 1.5 1.99] 0.09( 0.12¢
SB PK 142 (1¢  2.371 0.13¢ 0.14¢ 7.51 0.06 0.06 109.7 2.7 2.z 0.90¢ 0.031 0.03¢
SB PK 142 (1¢  2.3€9 0.137 0.13¢ 7.4% 0.1z 0.1z 112.] 3.5 3.1  0.91: 0.03¢ 0.03¢
SB PK 142 (1¢  2.37:% 0.13¢ 0.141 7.1¢ 0.1 0.1: 116:f 3.€ 3.6 0.74% 0.03( 0.03¢
SB PK 142 (1¢  2.37] 0.14: 0.13¢ 7.01 0.1z 0.1z 122.( 3.7 3.6 0.74¢ 0.032 0.031
SB PK 142 (2C  2.36¢ 0.141 0.142 7.0¢5 0.06  0.0¢ 143. 2.4 2.1  0.35¢ 0.00¢ 0.00¢
SB PK 142 (2C  2.37] 0.14¢ 0.13¢ 7.17 0.06  0.0¢ 144 3.€ 4.1 0.37¢ 0.01¢ 0.01:
Subsamples 1-14 (stratigraphically older than Fe stained lamina)
SB PK 142 (1 2.37: 0.14( 0.13¢ 9.4z 0.4¢  04¢ 7.C 0.2 0.4 2321 0.127 0.11¢
SB PK 142 (1 2.37: 0.14( 0.13¢ 9.37 0.46 047 6.8 Kl 0.2  2.28¢ 0.091 0.09:
SB PK 142 (1 2.37( 0.142 0.142 9.47 0.46  0.5C 6.€ 0.4 0.4 2.26% 0.15: 0.161
SB PK 142 (Z 2.37] 0.13¢ 0.141 9.31 0.28  0.2¢ 83. 4.5 3.2 1.29¢ 0.09¢ 0.09¢
SB PK 142 (2 2.37: 0.14¢ 0.13¢ 9.4¢ 0.21 0.21 84.t 3.4 3.5 1.26( 0.071 0.06¢
SB PK 142 (¢ 2.37( 0.14( 0.142 9.67 0.21 0.21 82 2.¢ 2.6 1.22¢ 0.05¢ 0.05¢
SB PK 142 (Z 2.37( 0.14: 0.14: 9.51 0.1€  0.1€  82.7 3.2 3.6 1.21% 0.052 0.06:
SB PK 142 (4 2.37( 0.137 0.13d 9.5¢ 0.3t 0.2¢ 13t 0.4 0.5 2.25¢ 0.16¢ 0.12¢
SB PK 142 (4 2.37] 0.13¢ 0.142 9.32 0.2€  0.2¢ 141 0.4 0.4  2.24: 0.10¢ 0.08¢
SB PK 142 (t 2.37( 0.14(C 0.13¢ 9.2 0.0¢ 0.07 115.¢ 1. 2.2 0.767 0.041 0.021]
SB PK 142 (£ 2.37(C 0.13¢ 0.137 9.64 0.12 0.1: 110. 3.2 2.&  0.80¢ 0.03d 0.02¢
SB PK 142 (i 2.36¢ 0.13¢ 0.13¢ 9.7¢ 0.24 0.2 93.¢ 4.5 4.1 1.08: 0.067 0.05¢
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Table 2d continued.

ID p U/ Model Model - 207pp- +

207pp- com. B8/ 22y 2% age

205pp/ 208ppy/ (Ma)

207Pb)a 207Pbb
Subsamples 15-21 (stratigraphically younger than Fe stained lamina)
SB_PK 142 (15) 0.68 2.429 0.038 0.037 137.75 0.20.200 7.12 311  3.02
SB_PK 142 (15) 0.83 2.429 0.038 0.038 137.75 0.20.200 7.14 292 3.15
SB_PK 142 (16) 0.62 2.429 0.038 0.038 137.75 0.19.200 5.05 178 3.20
SB_PK 142 (16) 0.33 2.429 0.037 0.039 137.75 0.20.200 4.73 172 172
SB_PK 142 (17) 0.75 2.429 0.038 0.037 137.75 0.20.20 0 4.90 260 2.05
SB_PK 142 (17) 0.87 2.429 0.037 0.038 137.75 0.20.200 6.93 241  1.74
SB_PK142(18) 0.84 2.429 0.037 0.038 137.75 0.20.200 5.83 0.24  0.25
SB_PK 142 (18) 0.79 2.429 0.038 0.038 137.75 0.20.200 5.69 029 031
SB_PK142(19) 0.84 2.429 0.038 0.038 137.75 0.20.20 0 6.08 0.32 0.26
SB_PK142(19) 0.78 2.429 0.038 0.038 137.75 0.20.200 5.79 0.26  0.27
SB_PK 142 (20) 0.69 2.429 0.037 0.037 137.75 0.21.200 6.06 0.11  0.12
SB_PK 142 (20) 0.82 2.429 0.039 0.037 137.75 0.20.20 0 5.96 0.20 0.19
Subsamples 1-14 (stratigraphically older than Fe stained lamina)
SB_PK 142 (1) 0.81 2.429 0.037 0.037 137.75 0.20 20 0.
SB_PK 142 (1) 0.66 2.429 0.038 0.038 137.75 0.20 19 0.
SB_PK 142 (1) 0.86 2.429 0.038 0.037 137.75 0.20 20 0.
SB_PK 142 (2) 0.51 2.429 0.038 0.037 137.75 0.20 200. 5.72 0.63  0.68
SB_PK 142 (2) 0.70 2.429 0.039 0.038 137.75 0.21 190. 5.81 051 051
SB_PK 142 (3) 0.61 2.429 0.037 0.038 137.75 0.21 200. 6.11 0.44 044
SB_PK 142 (3) 0.85 2.429 0.038 0.038 137.75 0.20 200. 6.16 0.59 047
SB_PK 142 (4) 0.66 2.429 0.037 0.038 137.75 0.21 20 0.
SB_PK 142 (4) 0.79 2.429 0.038 0.038 137.75 0.20 21 0.
SB_PK 142 (5) 0.62 2.429 0.037 0.039 137.75 0.20 20 0. 6.07 0.19 0.24
SB_PK 142 (5) 0.71 2.429 0.037 0.038 137.75 0.21 200. 6.15 0.22 031
SB_PK 142 (7) 0.71 2.429 0.037 0.037 137.75 0.20 200. 6.01 0.50 0.53

28



590

Table 2d continued.

D 20pp/ T - Initial (%4U/ + -

206Pb 23%)
Subsamples 15-21 (stratigraphically younger than Fe stained lamina)
SB_PK 142 (15) 0.3175 0.0120 0.0127 1.6 8.7 8.8
SB_PK 142 (15) 0.3170 0.0098 0.0139 14 8.9 8.2
SB_PK 142 (16) 0.2181 0.0060 0.0059 7.2 8.8 5.1
SB_PK 142 (16) 0.2114 0.0063 0.0083 8.0 4.9 5.0
SB_PK 142 (17) 0.2022 0.0117 0.0123 7.3 6.3 7.4
SB_PK 142 (17) 0.2071 0.0102 0.0091 15 5.0 6.7
SB_PK 142 (18) 0.0564 0.0013 0.0015 5.8 0.7 0.7
SB_PK 142 (18) 0.0557 0.0018 0.0019 5.9 1.0 0.9
SB_PK 142 (19) 0.0559 0.0022 0.0020 4.1 0.9 1.0
SB_PK 142 (19) 0.0546 0.0019 0.0019 4.4 0.9 0.9
SB_PK 142 (20) 0.0466 0.0008 0.0008 3.8 0.4 0.4
SB_PK 142 (20) 0.0454 0.0013 0.0012 4.4 0.5 0.6
Subsamples 1-14 (stratigraphically older than Fe stained lamina)
SB_PK 142 (1) 0.4219 0.0272 0.0218
SB_PK 142 (1) 0.4339 0.0155 0.0180
SB_PK 142 (1) 0.4399 0.0292 0.0292
SB_PK 142 (2) 0.0591 0.0028 0.0032 11.1 2.2 2.1
SB_PK 142 (2) 0.0572 0.0026 0.0024 11.4 1.7 17
SB_PK 142 (3) 0.0576 0.0021 0.0020 10.9 14 15
SB_PK 142 (3) 0.0583 0.0027 0.0022 105 14 17
SB_PK 142 (4) 0.2712 0.0101 0.0146
SB_PK 142 (4) 0.2682 0.0089 0.0083
SB_PK 142 (5) 0.0438 0.0010 0.0010 10.0 0.9 0.6
SB_PK 142 (5) 0.0436 0.0011 0.0013 10.9 0.9 0.7
SB_PK 142 (7) 0.0504 0.0027 0.0026 11.6 1.8 18

Uncertainties are empirical 95% confidence MontédCarrors. The slight variations in the model \efor different samples
are random fluctuations arising from the Monte €agpproach. Analyses with the same designationepicate measurements

of the same subsample.

“Correlation coefficient for the uncertainties oe 8pecified ratio pairs.

"The assumed composition and uncertainty used te makections for the Ph initially in the samples.

‘The initial 23/U/?%U ratio is arbitrarily chosen to allo®*U/?Pb ages to be calculated to show the apparent iffigesdces

between the different sections of SB_PK 142. #id/2°Pb ages should not be taken as an accurate estifntite true age.

The assigned initigf4U/?*® uncertainty assumes a normal distribution.

“The estimated initiad®U/**U ratio estimated from thé®U/radiogenié”Pb ratio using th&U-*"Pb age.

Table 2e. U-Pb data ad#U-2°Pb reference ages for JOHO-1 obtained without meatration of U and Pb.

ID =ty/ + - 20tpp/ + - 0pp/  + - Model +
20pp 20pp 208pp initial
234ul 23%c

JOHO-1311.0(1) 294.6 5.2 7.2 0.1455 0.0046 0.0069.1013 0.0104 0.0064 5.50E-05 5.60E-06 5.17E-06
JOHO-1311.0(1) 307.0 6.9 7.0 0.1450 0.0082 0.0051.0992 0.0178 0.0066 5.51E-05 5.45E-06 5.55E-06
JOHO-1311.0(1) 297.0 7.0 6.1 0.1537 0.0143 0.0093.1495 0.4652 0.0557 5.50E-05 5.18E-06 5.30E-06
JOHO-1311.0(2) 321.6 5.5 6.2 0.0713 0.0231 0.0093.0801 0.0204 0.0074 5.49E-05 5.53E-06 5.66E-06
JOHO-1311.0(2) 325.2 8.9 7.2 0.0867 0.0317 0.01230664 0.0029 0.0027 5.51E-05 5.25E-06 5.68E-06
JOHO-1311.0(2) 324.3 4.0 4.3 0.0613 0.0069 0.0038.0701 0.0054 0.0044 5.49E-05 5.19E-06 5.60E-06
JOHO-1311.0(3) 328.9 151 7.2 0.0495 0.0028 (@0020.0640 0.0035 0.0037 5.50E-05 5.89E-06 5.62E-06
JOHO-1311.0(3) 321.8 7.0 8.2 0.0498 0.0027 0.0033.0647 0.0036 0.0027 5.51E-05 5.50E-06 5.13E-06
JOHO-1311.0(3) 320.8 5.3 5.0 0.0486 0.0020 0.0020.0626 0.0039 0.0026 5.49E-05 5.41E-06 5.05E-06
JOHO-1311.0(4) 338.0 9.9 9.5 0.0889 0.0050 0.0048.0874 0.0648 0.0096 5.52E-05 5.25E-06 5.21E-06
JOHO-1311.0(4) 3243 9.8 18.5 0.0986 0.0055 ®0060.0816 0.0048 0.0068 5.50E-05 5.01E-06 4.78E-06
JOHO-1311.0(4) 317.0 8.8 8.7 0.0924 0.0096 0.0048.0764 0.0050 0.0038 5.50E-05 5.64E-06 5.35E-06
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Table 2e continued.

D Model + - YD age  + - p U/
com. 2%%Pp/ (Ma) (assumed 206pp-
206pP initial 208ppy/

2342380 20epp)a

JOHC-1 311.0 (1 2.2C 0.5: 0.4¢ 20.5( 0.5€ 0.5¢ -0.1¢

JOHC-1 311.0 (1 2.2C 0.5C 0.4¢ 19.6¢ 0.5¢ 0.5¢ 0.21

JOHC-1311.0(1 2.2C 0.4¢ 0.51 20.2¢ 0.5¢ 0.67 0.14

JOHC-1 311.0 (2 2.1¢ 0.4¢ 0.4¢ 19.4¢ 0.3¢ 0.4z -0.22

JOHC-1311.0 (2 2.2C 0.4¢ 0.4¢ 19.1] 0.51 0.57 -0.11

JOHC-1 311.0 (2 2.2C 0.4¢ 0.5% 19.4( 0.3C 0.2¢ -0.1¢

JOHC-1 311.0 (3 2.2C 0.4¢ 0.51 19.2¢ 0.44 0.8¢ -0.2%

JOHC-1 311.0 (3 2.1¢ 0.5C 0.54 19.6¢ 0.5C 0.44 -0.01

JOHC-1 311.0 (3 2.21 0.5C 0.4¢ 19.7:¢ 0.3t 0.3¢ 0.2¢

JOHC-1311.0(4 2.22 0.47 0.5C 18.3¢ 0.5¢ 0.5 -0.3¢

JOHC-1 311.0 (4 2.2C 0.52 0.52 19.0¢ 1.1% 0.6t -0.17

JOHC-1 311.0 (4 2.2C 0.4¢ 0.52 19.5¢ 0.57 0.5€ 0.01

Uncertainties are empirical 95% confidence MontelcCarrors. The slight variations in the model \esufor
different samples are random fluctuations arisimegifthe Monte Carlo approach.

#Correlation coefficient for the uncertainties or #pecified ratio pairs.

"The assumed composition and uncertainty used t@ makections for the Ph initially in the samples.

‘The initial 2‘U/%¢U ratio is arbitrarily chosen to allo®U/?°Pb ages to be calculated. In the absence of direct
constraint of the initiaf*U/?*® ratio, these ages should be treated with caufibe. assigned initiad*U/=%U
uncertainty assumes a normal distribution.
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600 Table 2f. Reference laser ablation U-Pb data®@HO-1.

Spot BYEPp  +  OPppfPh +

JOHC-1 01 211.¢ 16.C__ 0.304 0.038;
JOHC-1 02 202.¢ 16.._ 0.279: 0.032
JOHC-1 0% 317. 8.1  0.068: 0.003:
JOHC-1 0¢ 274. 8.6 0.139 0.011
JOHC-1 0f 283.. 10.€_ 0.135( 0.010t
JOHC-1 0€ 319 12.C_ 0.07% 0.005¢
JOHC-1 07 311 10.1 _ 0.072 0.005¢
JOHC-1 0t 283. 13.6_ 0.145( 0.018
JOHC-1 0¢ 275.] 7.6 0.154; 0.006t
JOHC-1 1( 301.¢ 116 0.171 0.004
JOHC-1 11 33L.] 8.2  0.050 0.001
JOHC-1 17 333.] 8.2 0.057¢ 0.001¢
JOHC1 1: 325 8.2 0.054¢ 0.001¢
JOHC-1 1< 284.¢ 10.€_ 0.148: 0.011¢
JOHC-1 1t 309.1 122 0.118¢ 0.008:
JOHC-1 1€ 318.] 9  0.069 0.004:
JOHC-1 17 319.¢ 8.6 0.071¢ 0.003¢
JOHC-1 1€ 316.; 9€  0.069 0.003¢
JOHC-1_1¢ 256.¢ 111 0.182¢ 0.012¢
JOHC-1_2( 275.. 112 0.150¢ 0.011
JOHC-1 21 333.( 84  0.059 0.003:
JOHC-1 2: 338.¢ 74 0.049% 0.001
JOHC1 28 305.¢ 8. 0.098 0.006:
JOHC-1 2¢ 322.¢ 8.5 0.075 0.004;
JOHC-1 2f 319 91 0.079 0.005¢
JOHC-1_2€ 309.¢ 8.6 0.082¢ 0.005¢
JOHC-1 27 306.2 7.C  0.100¢ 0.006¢(
JOHC-1 28 293 8. 0.117: 0.009:
JOHC-1_2¢ 326.F 8. 0.054 0.001¢
JOHC-1 3( 296.¢ 105 0.115( 0.008:
JOHC-1 31 297.. 12.€_ 0.103: 0.015(
JOHC-1 32 310.f 8.2 0.0167 0.003:
JOHC-1 3¢ 3272 8.6 0.057 0.002(
JOHC-1 3¢ 340.2 8. 0.053 0.001
JOHC-1 3¢ 322.¢ 10.C__ 0.080( 0.005:
JOHC-1 3¢ 328 8. 0.059 0.002:
JOHC-1 37 317 9.1  0.080: 0.003¢
JOHC-1 3¢ 319. 8.5 0.080 0.004¢
JOHC-1_3¢ 338. 8.2 0.056 0.001¢
JOHC-1 4C 302.] 9.6 0.098: 0.005¢
JOHC-1 41 68.€ 152 0.522¢ 0.038t
JOHC-1 4z 318.% 9F  0.069 0.003
JOHC-1 _4: 320. 7.6 0.062; 0.002:
JOHC-1_4¢ 238. 22.€_ 0.213 0.042:
JOHC-1 4¢ 197 11.€_ 0.337 0.029:
JOHC-1_4¢ 336.¢ 8.4  0.064 0.003¢
JOHC-1 47 335.¢ 8.2 0.049 0.002(
JOHC-1_4¢ 332.F 8. 0.058 0.002;
JOHC-1_4¢ 346.F 8.2 0.051 0.001¢
JOHC-1_5( 334. 8.7 0.063 0.003
JOHC-1 51 250.¢ 112 0.220( 0.018t
JOHC-1 52 330.2 8.5  0.067¢ 0.003:
JOHC-1_5¢ 338. 9. 0.075 0.005(
JOHC-1 5¢ 319 90  0.080¢ 0.003"
JOHC-1 5¢ 306.¢ 8.C  0.127( 0.005(
JOHC-1 5¢ 339.C 8.C  0.068 0.002¢
JOHC-1 57 340.¢ 8.6 0.048 0.001¢
JOHC-1 5¢ 338. 8.6 0.052¢ 0.001
JOHC-1 5¢ 333. 8. 0.064¢ 0.005:
JOHC-1_6( 322. 8.6 0.060 0.002"

Uncertainties are 2 sigr
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7 Discussion
7.1 Method validation

The results from the samples used for method M#bidandicate that the new protocol passes all fo@thod validation
tests. This in turn implicitly demonstrates thattnxaeffects such as molecular interferences oodpting of U and Pb mass
fractionation during analysis are either unimpartan can be adequately controlled with proper seifiphe instrument.
Similarly, significant biases introduced during gdenpreparation, such as preferential leaching afrUWPb during partial

sample dissolution by the spike, can also be exdud

Not separating the matrix does not lead to inceesigdata in the preliminary test using ASH-15¢ fedo say the data with
and without matrix separation are co-linear, ileyt define a common isochron, and therefore woudddythe same

238U/2%%Pp age. Replication 8f8U-234U-2°%Pb ages with and without matrix separation is destrared to a high precision for
the F and G layers of SLL10-6, again demonstratiag) matrix separation via anion exchange chemistnpt necessary for
U/Pb measurements. This finding is in line with taet that laser ablation techniques have allowe@dsurements for a

number of years without matrix separation (e.g.&tsbet al., 2017)

For SLL10-6,2%8U-234U-2%Ph ages obtained with the new protocol from akitiraphic layers vary systematically with
stratigraphic order, without age reversals. Moreof@ sample layers that are sufficiently radioigeto allow 2%U-2°Pb
ages to be calculated, these are concordant witfPiH-234U-2°Pb ages, demonstrating the ability of the new @@itéo
exploit the 2%U-2°Pb system where the nature of the sample permitsy en material as young as c. 1 Ma. This is
significant because it demonstrates the abilithawe a continuity of dating between young samplesres the initiaP**U
can be directly constrained via tR&U-22U-2°Ph chronometer and old material (i.e. >20 Ma) wh&fd-2°Pb age

inaccuracies associated with assuming the irfitfal/>*%U ratio will be proportionally small compared teethge.

Analysis of JOHO-1 using the new protocol replisatedependently obtained laser ablation data, dsetreting inter-
laboratory consistency of the new method. Additialzaa quality tests of the new method are preskintéhe larger data set
of Vaks et al. (2020) in the form of comparisonhwil-Th ages and the testing of age reproducibidgyween different

speleothems from a single location.

7.2238Y-2%pp Russian roulette and the utility of the?*®U-2"Pb system

One of the major limitations to applying tA&U-2Pb system to geologically young materials just Inelythe limit of the
238-234U-2%%Pp chronometer (a few million years) is that whitges can be highly precise (e.g. Woodhead etG0§)2 an
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age calculated assuming equilibrium inifi#U/>3%U and one calculated using the most extreme knowiali>4U/2* ratio
differ by >2 Ma, which is proportionally a massid#ference for ages of a few million years. Whilasi possible to try to
characterise initiat®*4U/?%%U for a particular cave using younger material .(8\podhead et al., 2006} is difficult to test
whether such younger material is representativel Bn some instances, younger material may simply exst.
Consequently?3®U-29%Pp dating beyond the limit of th&%U-23U-2°Pb chronometer is something of a game of Russian
roulette in terms of age accuracy, with SB_pkl4infiBotovskaya cave being an example of where thkket of extreme
initial 234U disequilibrium is in the chamber. TA&U-2°"Pb chronometer provides an alternative option fghlly radiogenic
samples. Moreover, because decay of exé¥gsleads to a permanent excess of radiogéieb relative to radiogenic
207Ph, comparison of thé&#U-2°Pb and?¥*U-29"Ph systems can be used to constrain infd4)/2%8J after any residual
disequilibrium has decayed (e.g. Mason et al., P0TIBis is potentially very useful for testing assd initial 238U/2%4U

ratios used for other samples in a set where ttas®nly be dated by tB&U-2°Pb chronometer, because of common Pb.

7.3 Applicability of the new protocol and potentialfuture development

The present method is only applicable to sampleshith 2%2Th is near absent. The method is not intended lelarket
replacement for prior implementations of the U-Rbtam, but rather as a complementary technique ddwatbe applied
where it is best suited.

The new protocol has significant advantages owveaditional solution-based approach in terms ofdimeplicity of sample
preparation for U-Pb analysis. Sample preparasdiast to the point that prior reconnaissance canaation of the U-Pb
system is unnecessary as the time penalty for gregpan undatable sample is minimal. Moreoverurethnt sample
material can be prepared with little extra effetich that an analytical session can be re-targmietie fly, as it becomes
apparent which material is most favourable for rdatiThe greatly reduced sample preparation alsnirdies stages at
which contamination could occur (column chemissgmple dry-downs), reducing the need for an optilaaicolumn
setup. The more traditional solution-based appredtihpurification of U and Pb retains an advantagtgerms of analytical
precision (at least under ideal conditions, e.g. $.L10-6 F control data; Table 2) and, theref@asdikely to remain the
preferred approach for the calibration of referenederials (e.g. Roberts et al., 2017). Howevegh lanalytical precision
may not translate to high age precision if otheriting factors, such as scatter in the data, ageqnt (as in the SLL10-6 F
control data; also see compilation of WoodheadRetdus (2019)) — i.e., the lower analytical prexisdf the new procedure
need not be a significant limitation in terms o&gygecision. Indeed, the utilisation of the newrapph by us (Vaks et al.,
2020)to obtain c. 5¢%U-?34U-2°Pb ages, many with corresponding concordht->’Pb ages, on material <1.6 Ma old,

demonstrates that it can be applied effectivelyttia wild’ to generate fairly large data sets. histcase, the reduction in
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analytical effort achieved with the new approadbve¢d replication of growth ages between differgatagmites, providing

additional quality control that would not otherwisagve been available.

The new protocol does not provide an alternativeiricsitu techniques where high spatial resolution is regljie.g. on
samples that are very small or have a complex nubogly (e.g. Li et al., 2014). However, the resfiltsn JOHO-1 indicate
the new method can be applied to carbonates withpmd U. Although not investigated in detail, themgarable precision

of the JOHO-1 solution and laser ablation datapitiesthe latter being acquired on a domain with & X the U
concentration, suggests the new protocol wouldextipm laser ablation in terms of the lower U artdd@ncentration limit

at which ages could be obtained. Moreover, the drigitecision?®U/?*%U measurements obtained with the new method
relative to laser ablation (< = 1 %o attained heeesus + 5-6 %o obtained by Lin et al. (2017) by fesglation) makes the
former generally more suitable féfU->34U-2°Pb dating, where quantifying slight residual diskiogum in the 234U/?3%U
ratio can be critical.

The new protocol was developed on a first genamalo plasma, an instrument c. 20 years old at ithe bf writing.

Hardware advancements, notably the Isotopx ATONAldi@r, which can greatly expand the dynamic rawdd-araday
collectors in to the range traditionally that oétlon counter (Szymanowski and Schoene, 2020)r &ffare potential to
refine the present methodology. While the sri#fRb,2°’Pb, and?®®Pb signals from radiogenic samples would still like
require measurement on ion counters, with suitaplke design, it may be possible to shift measurérnéthe Pb spike
isotope and als&’Hg on to Faraday collectors, providing more flelipiin the collector configurations that could bsed.

In particular, it may be a means to meagifieb simultaneously with the spike isotope to helprione the precision of the

ZY/2%Pp ratio. Similarly, it may be possible to avoie tise of ion counting for smafU signals, simplifying the analysis.

Demonstrating the ability to make U-Pb measuremiytdirectly dissolving samples with an isotopiacier, and analysing
with no further preparation other than dilution,eap another intriguing possibility for future medhdevelopment; the
prospect of some form of quasisitu isotope dilution analysis. If an acid cleaned sufysle can be dissolved directly with
the tracer and analysed, there is no reason, ficiple, why an entire sample could not be acidraeaand small domains
then dissolved with the tracer for analysis whii# $n situ. Obviously, there would be practical hurdles termeme, and
this would not be a substitute for high spatiabheson techniques, but it could substantially atrdine isotope dilution

analysis and make it less destructive to the sample
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8 Conclusions

A new isotope dilution method for the U-Pb datinfj carbonate samples is presented which removesndleel for
preconcentration of Pb. The new method produces dainsistent with those obtained by isotope ditutiwith
preconcentration of U and Pb, and with data obthindependently by another laboratory using labéateon ICP-MS. The
new method also generates self-consistent dateifispdly, ages that vary systematically with grémdirection without age
reversals and which are concordant betweerrthe234U-2°Ph and the’3®U-2"Pb chronometers. The new method thus

satisfies reasonable data quality control criteria.

The new method is capable of utilising both #&J-234U-2°Ph chronometer and tféU-2°Pb chronometers, subject to

inherent limitations imposed by sample age andEotcomposition.

Data Availability. All data used are contained within Table 2.
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