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Abstract. We describe a new method for the measurementbased on the decay of U (Cheng et al., 1998; Edwards et al.,
of U=Pb ratios by isotope dilution multi-collector induc- 2003; Nuriel et al., 2012; Rasbury and Cole, 2009). Histori-
tively coupled plasma mass spectrometry (MC-ICP-MS) for cally, this has been achieved mainly usft§u—234U—23CTh
the dating of geologically young clean carbonates, particu-disequilibrium dating (e.g. Scholz and Hoffmann, 2008, and
larly speleothems. The method is intended for materials conreferences therein) or less commoAtyU—231Pa disequilib-
taining little or no initial 232Th. We illustrate and validate rium dating (Cheng et al., 1998). These radiometric clocks
the method with four examples ranging from 0.57 to 20 Ma. are inherently limited to samples younger than the timescale
The new method is capable of applying H8U-?°"Pb and  over which the intermediate daughter used effectively re-
238_234y—-206pp chronometers, common Pb and quanti - turns to secular equilibrium, i.e. roughly 600000 years for
able residual3*U=238U disequilibrium permitting. These the 238U-234U—230Th chronometer (Scholz and Hoffmann,
provide an alternative to the more widely us&8U—2%6Pb  2008). Uranium-lead dating, being based on the accumula-
chronometer, which can be highly inaccurate for samplegion of stable radiogenic Pb, does not have this limitation,
that are< ca. 20 million years old, owing to uncertainties and has been applied for many decades to the dating of ig-
in the excess initiaf3*U (hence, excess radiogeri®®Pb)  neous and metamorphic accessory minerals (e.g. Heaman
commonly observed in speleothems. and Parrish, 1991). U-Pb dating has also been utilised in a
more restricted way to date Mesozoic and older sedimen-
tary carbonates (e.g. Moorbath et al., 1987; Rasbury et al.,
1 Introduction 1997; Wang et al., 1998). More recently, U-Pb dating has
been adapted and applied to geologically young carbonates
Carbonates such as calcite and aragonite exist widely withiras a means of circumventing the ca. 600 ka limit of4#k)—
the geological record, occurring as skeletal components 0f34U—239Th chronometer, opening up far more of the geo-
fossils such as corals, primary sedimentary deposits, sedegical record (Bajo et al., 2012; Cliff et al., 2010; Getty et
ondary deposits such as speleothems, and veins and fraad., 2001; Li et al., 2014; Pickering et al., 2010; Richards et
ture llings. Such carbonates have the capacity to captureal., 1998; Roberts et al., 2017; Vaks et al., 2020; Woodhead
a range of information about past sea level and climate, reet al., 2006; Woodhead and Pickering, 2012). However, the
gional tectonics (and so on) and are of particular signi canceU—Pb system remains underutilised in this regard, and given
because they are often amenable to direct radiometric dating
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34 A. J. Mason et al.: A simpli ed isotope dilution approach

the variety of sample material available and differences ining non-radiogenic material to the point that separate recon-
laboratory set-ups, it is unlikely that any implementation of naissance U-Pb analyses were unnecessary, were signi cant
the U-Pb system will be universally applicable. To this end, motivations for developing a new method.
we document in detail a novel protocol for the U-Pb dating A caveat in U-Pb dating is that calculated U-Pb ages can
of carbonates by isotope dilution multi-collector inductively strongly depend on the assumptions made regarding the ini-
coupled plasma mass spectrometry (MC-ICP-MS) recentlytial state of the decay chains, especially inifafu=238u,
used in a study of Siberian permafrost dynamics (Vaks et al.239Th=238y and231pa=23°U ratios (Ludwig, 1977). For car-
2020). bonates precipitated from fresh or sea waters, infiarh
and?*'Pa are likely to have been near absent owing to their
insolubility in aqueous systems (Cheng et al., 1998; Ed-
2 Overview of the U-(Th)-Pb system and the wards et al., 2003) and thus in practice do not present a ma-
motivation for a new method jor source of age uncertainty. However, init/2*U can be
strongly enriched with initiaf34U=238U ratios as high as 7 to
The U-Th—Pb system is based on the twin decay chaind2 times equilibrium known to occur (Kronfeld et al., 1994;
of 238U to 2%6Ph and?3%U to 2°7Pb, plus the decay chain Plagnes et al., 2002; Vaks et al., 2013b). If unaccounted for,
of 232Th to 298pb, together with non-radiogenf€*Pb. The  the initial 234U excess could lead t8*8U—2%Pb age inac-
232Th decay chain is not of direct relevance here as wecuracies of upwards of 2 Myr. For samples where the initial
are only considering systems that have suf ciently low 234U disequilibrium has not yet completely decayed (typi-
232Th that 298pPb can also be treated as non-radiogenic;cally < 2 Ma), the initial23*U=238U ratio can be calculated
for our purposes, we considéf2Th as negligible where from the measuretf*U=238U ratio as part of the age calcula-
232Th=238y < 0.002 (Sect. 3.5). Owing to the insolubility of tion (here termed th&8U—234U—2%pPp chronometer), avoid-
Th in many aqueous systems, many carbonates approximatag such inaccuracies. However, for older material, the initial
a 232Th-free system (e.g. Thomas et al., 2012; Vaks et al.234U=238U ratio must be assumed in the age calculation (here
2013b). termed the?38U—296pp chronometer), potentially leading to
Most previous U-Pb work on carbonates has focused orsigni cant inaccuracies in assessed ages. Where ages extend
the 238U—9%pp system taking either a traditional solution- beyond the limit of the?38U—234U—2%pbh method, particu-
based isotope dilution approach where the samples are spikddrly where there is evidence for large variability in initial
with an isotopic tracer, dissolved, and then the U and Pb puZ34U=238U ratios, the?3>U-29"Pb chronometer could prove a
ri ed for analysis on a multi-collector MS or have utilised powerful alternative dating tool. Such a situation was found
in situ laser ablation analysis (e.g. Getty et al., 2001; Picker-n speleothems from Siberian caves (Vaks et al., 2020), which
ing et al., 2010; Roberts et al., 2017; Woodhead et al., 2006)provided an additional motivation for developing the dating
The former approach was initially used in our case (Masonapproach presented here. We pursue a solution-based method
et al., 2013) as it offers better precision, esg0.1% un-  over laser ablation in order to obtain prects&J=23%U mea-
certainty versus ca. 0.6 % or more by laser ablation on thesurements to most effectively utilise t8&8U—234U—2%6pp
234=238 ) ratio and< 1% by isotope dilution versus 5%— chronometer and because it represents a better prospect for
10% by laser ablation on th&8U=2%Pb ratio, as well as detecting the tiny quantities of radioge’f'Pb necessary to
the ability to date younger material with lower U and Pb apply the?3°U-2%"Pb chronometer to samples that are a few
concentrations (Cheng et al., 2013; Lin et al., 2017; Robertsmillion years old.
et al., 2017; Spooner et al., 2016; Woodhead et al., 2006; A second caveat in U-Pb dating is that carbonates of-
Woodhead and Petrus, 2019). However, because relativelien contain an appreciable amount of initial (common) Pb
large samples> 100 mg) were required, miniaturisation of that must be accounted for, usually requiring some form
the columns to help control blanks was not an option, mak-of isochron technique, though the choice of isochron used
ing the anion exchange chromatography both time consumvaries widely (e.g. Mason et al., 2013; Pickering et al., 2010;
ing and challenging. Although reasonable Pb blanks (4 pg toWoodhead et al., 2006). One approach (e.g. Roberts et al.,
tal Pb for a 2 mL resin bed) were attainable, this required sec2017) is to use the intersection of an isochroR¥U=2Pb
ondary distillation of reagents, for example, and in some in-— 207Pp=2%%Pp (Tera—Wasserburg) space (&8U=2%Pb
stances inconsistent purity of different anion exchange resin- 29’Pb=2%6ph — 204pp205pp “total” Pb space, Ludwig,
batches resulted in much higher Pb blank40 pg). More-  1998) with concordia to determine t#&%U=2%6Ph 4 ratio
over, to avoid wasting effort and reagents on processing nonf2®Ph,qD radiogenic2®Pb) and, by extension, the age.
radiogenic material, separate reconnaissance analysis wouldowever, this approach precludes an independent assessment
be required to rst identify datable material, adding to the of the 235U=20"Phq ratio, inhibiting the use of thé3°U—
overall time needed to obtain an age. Having a simpli ed pro-2°’Pb chronometer. This strategy is further complicated by
cedure that simultaneously maintained acceptable precisiorthe calculation of concordia itself being sensitive to initial
side-stepped the Pb blank associated with anion exchangeisequilibrium in the?38U and?3°U decay chains. Alterna-
chromatography and minimised the time penalty for processtively, separate 2-D isochrons based on non-radiog@fiRb
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(e.g. Rasbury and Cole, 2009) can be used to independently — 22 mL or 27 mL PFA vials, acid cleaned in hot, concen-

correct commoR®Pb and commoR?’Pb, permitting the us- trated reagent-grade HNGor 1 week, then re uxed
age of both thé38U—2%pb and?35U—-"Pb systems. Never- in distilled 10 M HCI for at least 24 h and thoroughly
theless, using®Pb has the practical drawbacks of it being rinsed with 18.2 M cm water after each acid stage;

a low-abundance isotope and having an isobaric interference
on ICP systems from instrumental Hg. However, in samples — 2mL Bio-Rad polyprep columns (or equivalent), acid
with negligible232Th, the much more abundatf€Pb can be cleaned for 1 week in 1-2M distilled HN@, then
used in place of%*Pb as the non-radiogenic Pb isotope (e.g. rinsed thoroughly with 18.2 M cm water;
Mason et al., 2013). Implementing a streamliR&tPb-based
approach, which obviously requires ti¥48Pb be measured,
was a further motivation for the development work presented
here.

In summary, the objective of the present work is to present
a new isotope-dilution-based method that streamlines sanifhe quartz-distilled acids used are comparable to com-
ple preparation, particularly with regard to analysing blank- mercially available ultra-pure acids — i.e. parts per trillion
sensitive PbPb and WPb ratios, and which allows®&®Pb-  or lower concentrations for the analytes of interest. The
based approach to common Pb correction, such that th@8.2 Me cm water used is approaching absolute purity for
238Y-234y-208pp and?35U-207Pb chronometers can both be the analytes of interest (e.g. 20 ppqg for Pb). All dilutions
utilised, where the nature of the sample permits. of distilled acids were prepared with 18.2Mm water.

— CRM145 (New Brunswick Laboratory) natural U or
equivalent U isotopic reference material;

— Single-element Tl standard.

3 Protocol description 3.2 U-Pb measurements

Collected samples were rst sawn using a diamond-coated
wire saw to reveal their internal structure and provide ac-
The protocol comprises two distinct analytical procedurescess to the stratigraphic horizons or growth domains of in-
carried out sequentially, which in tandem are intended toterest. Clean carbonate subsamples weighing between ca. 50
provide the information necessary to calculatU—234U— and 500 mg were then cut from speci c stratigraphic hori-
206pp, 238 _206ph  andR35U—207Ph ages, utilising®®Pb for  zon or growth domains using a small diamond circular saw
common Pb correction. The rst procedure is concerned withand transferred to acid-cleaned 15mL polypropylene bot-
determining the?38U=206pp, 235y=207pp, 208pp=206pp gnd  tles. These subsamples were then sonicated repeatedly in
208p=207pp ratios within a sample or part of a sample if 18.2 M cm water until no suspended particles were visible,
more than one growth interval is present. The second procerinsing between each wash. The subsamples were then acid
dure is concerned with analysing the same sample materiatleaned twice for a few minutes in distilled 2 % HN@ith
to characterise residu&t*U=238U disequilibrium, where the  sonication to remove any residual dirt and surface contamina-
aforementioned EPb measurement indicate¥U-234U—  tion. Following each wash, the subsamples were thoroughly
208pp age may be attainable. rinsed with 18.2M cm water and sonicated to ensure re-
The two procedures collectively require the following moval of any residual acid and dislodged surface material.
reagents, consumables, etc., but will otherwise be describeBach acid wash was removed before the acid was consumed

3.1 Protocol overview and reagents

separately: to prevent adsorption of dissolved ions back on to the sur-
face of the sample. Where sample material was abundant, we
— 18.2M cm water used initial subsample masses of a few hundred milligrams

for ease of handling during cleaning, but this mass was re-

duced where material was limited. The subsample mass after

cleaning should be no smaller than ca. 10 mg. Cleaned sub-

samples were then stored until the day of analysis.
Subsamples were usually taken from speci ¢ sample do-

mains without prior characterisation of thefeb system. In-

Reagent grade 16 M HNO stead, surplus subsamples were prepared from a number of

different samples or sample domain to provide the exibility
Bio-Rad AG-1 X8 anion exchange resin (or equivalent) to re-target the subsequent analytical session, as it became
100-200 mesh: apparent which material was radiogenic and which was not.
On the day of analysis, one to two drops of a mix&tPb—

15 mL polypropylene bottles, acid cleaned fol. week  23°Th-23%U (30 uL drop volume, ca. 15 pg ult 238U, ca.

in 1-2 M distilled HNG;, then rinsed thoroughly with 1 pgpuL 12%4Pb, and 0.5 pg pL! 23°Th; full isotopic calibra-

18.2 Me cm water; tion is given in Mason et al., 2013) spike in ca. 2M HBNO

— Quartz-distilled (or equivalent high-purity) 10 M HCI
and dilutions of this product;

Quartz-distilled (or equivalent high-purity) 16 M HNO
and dilutions of this product;
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36 A. J. Mason et al.: A simpli ed isotope dilution approach

was added directly to the acid-cleaned carbonate subsamplehecked on actual samples. At the beginning of an analytical
and gently agitated to mix as the spike dissolved the subsanmsession, particularly after the cones had been cleaned, it was
ple. Cleaned subsamples were not weighed in order to mineften necessary to refocus the zoom optics to obtain optimal
imise handling. Instead, the mass of CaCitom the sub-  at-topped peaks on the matrix-heavy samples. The DSN100
sample used was in excess of the HNi® the spike, such membrane gas ow was also retuned to suppress a molecular
that the spike can dissolve sample material until the con-nterference observed to overlap the Pb peaks, particularly
tained HNQ is consumed, thereby xing the mass of sam- 2%8Pb, but with its peak centres offset by ca. 0.15 AMU to
ple material dissolved (typically 3-8 mg) to ca. 10 % of the the low-mass side of the Pb peaks. The ca. 0.15 AMU mass
added spike mass. Although not critical to the age calcula-offset generally made the superimposed interference peaks
tion, this allowed the absolute sample U concentration to beobvious, such that the DSN100 “membrane” gas ow could
estimated without weighing, based on the amount of samplde adjusted while performing a mass scan until the superim-
expected to dissolve in a given mass of spike. Once visibleposed peak had been largely eliminated. Based on the mass
reaction with the spike was complete, the solution was di-offset, the interference is a molecular of a mid-mass element;
luted to around 15mL with 18.2 Mcm water, thoroughly Srzog is suspected based on the group 2 element-rich ma-
shaken to homogenise and then immediately analysed, witlrix and the relative magnitude at masses 208, 207, 206, etc.
no preconcentration of U and Pb. Dilution to ca. 15 mL pro- The signal intensity of this interference varies over several
vides suf cient solution to check the instrument set-up (seeorders of magnitude with the DSN100 membrane and hot
below) prior to analysis, allows replicate analyses if neededgas settings, but has been observed to be largely eliminated
and mitigates matrix loading on the instrument. by disabling the hot gas ow and setting the membrane gas
Analyses were performed on a rst-generation Nu Plasma ow slightly below the optimum value for Tl signal intensity
MC-ICP-MS (Belshaw et al., 1998) using the collector con- on the pure TI solution. Where a residual interference was
guration given in Table 1 and described further below. The seen (only apparent of?®Pb and occasionally up to 10 %
instrument was tted with a set of “B-type” Ni cones re- of the 2%8Pb signal, but only on highly radiogenic samples
served for very low-level Pb work. Sample introduction was with little 298Pb), the mass offset between the Pb and inter-
via a DSN100 (Nu Instruments) desolvator using either a caference beams meant the extreme high-mass side of the Pb
50uLmin 1 or 75uLmin ! self-aspirating PFA nebuliser peaks was effectively resolved from the interference, prov-
(ESI). The instrument and desolvator were slightly modi ed ing peak shape was optimal. No correction was made for the
by replacing the gas and sample lines with acid-cleaned PFSRLOS interference, and the method is based on its elimina-
to lower the long-term instrumental Hg background, reduc-tion. %OBPb, although not directly used for age calculation,
ing the?%*Hg interference 0A%Pb. The “hot gas” feed to the  forms the basis of the common Pb correction (Sect. 3.5), and
DSN100 spray chamber was also disconnected and sealed.thus at this stage an assessment of any residual interference
At the beginning of an analytical session the instrumentwas made in terms of its impact on the common Pb correc-
was prepared by cleaning the desolvator and sample lineSon. Where no residual interference &##Pb was observed
with 10% HNG;, 2% HNGs, and 18.2M cm water. The  or where it was considered irrelevant (e.g. for material with
Ni cones were also gently cleaned by rinsing with deionisedalmost no common Pb), the instrument was set to analyse
water prior to use to remove excessive Ca build-up from theon the centre of the Pb peaks for optimum stability. Where
skimmer ori ce from previous use; however, as far as pos-this was not the case, particularly whef®U-29"Pb ages
sible, the surface coating on the cones was not disturbedwere targeted (owing to the larger common Pb correction on
The instrument was then initially tuned and optimised with 207Pb), the instrument was set to analyse the extreme high-
ca. 100 ppt Tl solution and 5 ppb CRM145 U solution (both mass side of the Pb peak ats where the interference is re-
in 2% HNG;z). Pb was avoided to prevent re-contamination solved. No evidence of interferences on U has been observed.
of the instrument, and suf cient Pb-blank was present in the Analyses were carried out in a six-step routine with the
Tl solution to identify the Pb peaks. Instrumental Pb back-magnet switched successively between steps (Table 1) for
ground could then be further reduced by temporarily low-10 or 15 repetitions. In steps 0-28pb, 207pb, 206pp,
ering the auxiliary gas ow (to ca. 0.5L mirf) with RF  204PpC20%Hg, and 2°?Hg were measured on three ion-
power at 1300 W, allowing the plasma to run hot to “evap- counters (ICx collectors in Table 1) separated by Faraday col-
orate” residual Pb from the instrument interface and thenlectors (DVMx collectors in Table 1), which are not used in
using relatively cool running conditions (auxiliary gas ow these steps owing to the small size of the Pb signals. The rel-
of 1.15Lmin 1 and 1200-1250 Watts RF power). In some ative gains of the three ion counters were determined based
instances, this reduced the Pb background by a factor obn the successive measurement of the masS-2@&m on
> 10 , without major loss of sensitivity. The instrument was each ion counter during the analyst8’Pb was measured
then left for several hours until Hg adsorbed on the interfaceentirely dynamically owing to the ion counter spacing. lon
had evaporated and the Hg background had stabilised. counter gains and dynamic ratios involviffPb were cal-
After the initial tuning and optimisation of the instrument culated with no beam interpolation between steps assuming
on the dilute Tl and U solutions, instrument settings werea steady-state measuremef¥#Hg was measured and used
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Table 1. Collector con guration for U-Pb analysis.

Axial Low mass Integration time
step DVM6 DVM7 DVM8 ICO DVM9 IC1 DVM10 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” collectors are electron multiplier ion counters. Step 6 is optional and can be omitted if the
232Th js already known to be negligible in the sample (e.g. from a prior attempt at U-Th dating).

to correct for the?®*Hg interference (typically ca. 15% of typically observed detection limit for total Pb of ca. 20 ppq
the total 204 beam with the quantity of spike used here). (based orf°Pb), an upper limit for the total procedural Pb
In steps 4-%38U was measured on a Faraday collector, with blank can be estimated at ca. 0.3 pg.

235U and?3%U measured alternately on both Faraday and ion

counter; the intention being that this gives the option of using3 3 choice of tracer solution

the FaradayFaraday?38U=23%U ratio or the Faradayion

counter238U=238 ratio (using the?3%U to calibrate the ion ~ We use a mixed*®U-*3°Th-2%Pb tracer for isotope dilution

counter gain as needed) depending?® signal intensity. (calibration in Mason et al., 2013). Using the non-radiogenic
An optional step witt?32Th in ICO and23°Th in IC1 (Ta-  22%Pb as tracer allows the measurement of the radiogenic
ble 1) can be added where estimation of samiteh=U ra-  -_oPb and®®’Pb, and it is the least abundant of the four sta-
tio is required (as a ched®Th is negligible), if this is not  ble Pb isotopes in the sample¥’Pb is also more easily
already known (e.g. from a prior attempt at U-Th dating). Obtainable than arti cialP%Pb and?°?Pb. The instrumen-
Mass fractionation for U was determined from the measured@l Hg background also makes the small non-spik®b
238=235) ratio of the samples and an assumed natural valusignal unsuitable as a monitor for common Pb without pre-
of 137.75 (based on data for carbonates precipitated fronfoncentration, and thus spiking witf*Pb does not sacri ce
surface waters summarised in Hiess et al., 2012, from Stirany sample information that would otherwise have been ob-
ling et al., 2007, and Weyer et al., 2008). Mass fractionationtainable. Moreover, fof33U—3%U—29pb chronology, using

for Pb was also estimated based on the measi#fett235y  a tracer witt?%4Pb paired with arti cial?®®U means that the
ratio but with aC 2 %./AMU offset applied based on previous cfitical 238y="0%pp ratio is determined from tHEU=>3
characterisation of the U—Pb mass fractionation behaviour ofnd**°Pb="%Pb ratios, and thus it is relatively insensitive to
this instrument (Mason and Henderson, 2010). In these testdnstrumental mass fractionation due to the mass difference
the offset between U and Pb fractionation was observed to b&r the natural and spike isotope being the same for both
nearly constant over a wide range of fractionation values, in-Y and Pb. Forr38U-234y—29%pp chronology on the instru-
cluding those seen for the matrix-rich samples analysed herén€nt used?**Pb is also more favourable th&¥PPb because
Samples were washed out with 10 % and 2 % distilled HNO it can be collected simultaneously on the ion counters with
while the next sample was spiked. Analysis time was around Pb, wheread®Pb cannot (Table 17°°Pb may, however,

15 min. represent a better option for other hardware con gurations.
Instrument settings were checked periodically during theThe disadvantage of usirf@*Pb is that sample (and blank)
analytical session to ensure peak centring, peak shape, an “Pb must be corrected for, but this correction can be re-

suppression of interferences was maintained. Special carduced by adding suf cient spik€*Pb that the sample con-
was taken when highly radiogenic material capable of yield-tribution is minor. In our case, the sample to spike weight
ing precise ages was encountered and when the instrumeftio is limited to about 0.1 by the availability of the HNO
was set to measure on the extreme high-mass side of thiéd the spike to dissolve sample. For most analyses, this corre-
Pb peak ats. The DSN100 was re-cleaned with 182 bn  SPonds to> 98.5 %2%Pb arising from the spike, with many
water as required to remove U and Pb background or whe@f the highly radiogenic analyses (i.e. the fractions for which
sensitivity dropped due to Ca-loading of the membrane.  Precise ages can be obtained) having9.8 % of the?**Pb
Explicit procedural blank corrections were not made to the©riginating from the spike. Any age bias introduced in ac-
U-Pb analyses owing to the measured blank signals bein§ounting for the sampl&“Ph is therefore likely to be at the

below the instrumental detection limit. However, based on a%e level and less than the typical analytical precision on the
238y=206pp and?35U=297Ph ratios.
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230Th is included in the tracer to provide the option to mea- the238U=2%6pp ratio. This requires preconcentration of the U
sure232Th as a check tha&8pPb is non-radiogeni@3°This  to obtain a suf ciently largé3*U signal to ideally obtain bet-
preferable to arti cial?2°Th on the instrument used because ter than 1 %o precision. Uranium, however, is generally less
of the 2 AMU spacing of the ion counters (Table 1). Again blank sensitive than Pb, and thus the ion exchange procedure
sample?39Th needs to be accounted for, but for samples inis relatively straightforward. Moreover, only those samples
the U-Pb age range sampé’Th is likely to be close to  for which a234U=238U measurement will be bene cial need
equilibrium with234U. Moreover, thé?32Th only needs to be  be processed.
measured semi-quantitatively as a check of the applicability
of the method, and is not used in the age calculation. 3.5 Non-radiogenic Pb correction and Age calculation
238|j_234|;_206py, To obtain an accurate age, it is necessary to account for

any non-radiogenic Pb (blank and sample common Pb) in

an analysis. The preferred method used here is to em-
Where the U-Pb data indicated a particular sample domaimploy a 2-D isochron-type approach in which tR&8U—
is radiogenic and potentially young enough to retain mea-(3*U)-2%pPb and 23°U-?0"Ph systems are independently
surable residuaf®*U disequilibrium, the domain was ad- corrected for common Pb, respectively f38Pb=20%Ph—
ditionally analysed for thé34U=238U ratio for 238U-234y—  238y=206pp anRO8pp=207Pph-235U=207Pp isotope space; ex-
208pp chronology. Sample aliquots of up to about 0.2 g wereample plots are shown in Sects. 5 and 6. FGPA h-free
dissolved and puri ed to obtain U cuts. As far as possible system, subsamples of the same age should de ne a mix-
these aliquots comprised the residual solution and remaining trend between the commd®®Pb=2%*Pb composition
ing carbonate from the U-Pb analysis so that t/®bJand  falling on the2%8Pb=2%Pp axis (i.e. wher&¥ U =2%ppD
234y=23%y measurements were made on as close to the sam@) and the radiogen®® U =2®Pb composition falling on the
material as possible. Dissolution was by addition of 0.2 mL2¥ U =2%Pb axis (i.e. wheré®®Pb=2%pPpD 0, assuming all
of 10 M HCI to the residual solutio€ residual carbonate. 2%8Pb is common), wher#Pb is the daughter 3 U. The
After obvious reaction had ceased, the solution was transeommon Pb correction can then either be made by tting are-
ferred to clean 22 mL or 27 mL PFA vials and evaporatedgression line through the data to estimated® &) =2%Pph,q
to dryness. The sample was then converted to chloride fornmatio (the intersection with th& U =2%pPb axis), or a regres-
by adding 1mL 10MHCI and again evaporating to dry- sion line can be tted to estimate the comm&fPb=2%pPp
ness. Samples were then dissolved in 1 mL of 10 M HCI forcomposition (the intersection with tH@8Pb=2%Pb axis),
loading onto columns for separation of U. Puri cation used which can then be used to correct each U-Pb analysis based
2mL Bio-Rad polyprep columns and an AG1X8 anion ex- on its measured’®Pb=2%Pp ratio. The latter option is pre-
change resin bed of 2mL. Resin was batched pre-cleaneterred here because it allows age-independent scatter in the
by suspending it in either 18.2Mcm HO or dilute HCI,  radiogeni® U =2%Pb ratio arising from differences in ini-
allowing it to settle and decanting any residual suspendedial disequilibrium state to be accommodated; the estimation
nes 8-10 times. Resin was then loaded into the columnof the common Pb composition is insensitive to such scat-
and cleaned sequentially with 10 mL (column reservoir ter in the radiogenic composition providing that any regres-
lled) 18.2Me+ cm H,O, 10MHCI and 18.2M cm HO. sion is anchored by relatively non-radiogenic analyses. Cor-
The resin was then conditioned with two 4 mL aliquots of recting measurements individually also allows for the pair-
10 M HCI, and the sample loaded and matrix Ca eluted withing of each corrected U-Pb analysis with a corresponding
2 5mL aliquots of 10 MHCI. Sample U was eluted with 23*U=238U measurement, capturing any additional informa-
2 5mL aliquots of 18.2M cm water and collected in the tion encoded in thé34U=238U ratio. For regressions we use
origin PFA vial (which was rinsed rst with 18.2Mcm the method of York (1969).
H>0O to remove the bulk of any sample Ca residue). The pu- In practice, when dealing with a set of related material
ri ed U was measured on the same instrument, with4#eJ (e.g. different growth domains in the same speleothem, or
and 238y measured on ion counter and Faraday collectorsgdifferent speleothems from the same cave), isochrons for
respectively. Standard bracketing with CRM145 (CRM112a)every sample domain to be dated were not constructed at
was used to correct both for mass fractionation and ionthe outset to attempt to minimise analytical effort. Instead,
counter gain. data were acquired until subsets of material approximating a

Owing to the very smaf3*U blank signal, th&3*U=2%8U  mixing trend between the radiogenic and common Pb end-
ratio of the U blank could not be meaningfully measured, members could be identi ed (e.g. an non-radiogenic layer
and thus no blank correction was routinely applied to thestratigraphically bracketed by more radiogenic layers) and
234y=238y measurements. The typical procedural blank for regressed to estimate the common Pb composition. This es-
the234U=238U ratio measurement was ca. 50 pg U. timate was then used as the basis for the common Pb cor-

Puri cation of the U fraction is required because the rection in the wider data set for the related material under
234=238 ratio must be measured to a higher precision thanconsideration. Where samples proved complex in terms of

3.4 234y=238Y measurements for
chronology
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their U-Pb systematics, additional analyses were added to Model ages and concordia were calculated using an
provide further characterisation and to allow true isochronsin-house implementation of the general decay equations
to be constructed if needed. given by Faure (1986), in which the decay chains are
In reality, 232Th will be present in trace amounts, with simplied to 238U | 234y 1 230Th | 226Rg | 206pp
the resulting tracé%8Ph g shifting the2°8Pb=2%Pb ratioto  and 23°U! 23lpa! 207pp. |nitial 22°Th and 23Pa were
slightly higher values than #32Th was absent, slightly bi- assumed to have been absent, and inff¥Ra was as-
asing the calculated® U =2%Ph 44 ratio. We consider the sumed to have been at equilibrium. Decay constants used
bias to be acceptable without correction f¥Th where  were 238UJ: 1.55125 10 10; 234y:. 2.82203 10 ©;
232Th=23%y < 0.276 (equivalent t®?Th="3%U < 0.002). 230Th:  9.17055 10 6; 2?°Ra:  4.33488 10 %
This threshold corresponds to a maximum bias in the?3°U: 9.8485 10 10, 231pa: 211583 10 °; 232Th:
235y=207Phy o4 ratio of ca. 0.6 %, or ca. one-third of the typ- 4.9475 10 11 (Cheng et al., 1998, 2013; Steiger and
ical analytical precision on the measurdU=2""Pb ratio;  Jéger, 1977). Age uncertainties were determined using a
the 238y=206pp. . ratio is much less sensitive owing to the Monte Carlo approach to propagate analytical uncertainty
smaller common Pb correction dR%b. Setting this limit and uncertainties arising from initial ratios such as the
on232Th in terms of the Th/U ratio has two effects in terms common Pb composition and initial U isotopic composition.
of 208pph=2pp 2y Y =2Xpp gpace. Firstly, it constrains the A natural 2°8Pb=2%4Ppb ratio of 37.1 10 (95% con dence
208pp =2 Pl 44 ratio to be close to zero by limiting the level) was assumed when accounting for sampteb in the
ratio of the respective parent isotopes, such that an accuraisotope dilution calculation; the large uncertainty is to cover
radiogenic®® U =2 Ph composition can still be obtained by reasonably foreseeable terrestrial isotopic variations. As part
extrapolation to thé¥ U =2%Pb axis (i.e. td%®Pb=2XPbD  of the isotope dilution calculation the spik&Pb proportion
0). Secondly, it constrains compositions with a lowRlb ra-  is output so that analyses with an excessive sarfijfieb
tio to also have a low T#Pb ratio, such that extrapolation contribution can be identi ed. For most analyses99 %
to the 208ph=2%ph axis £¥U=2%Pb D 0) to obtain the of the total2%4Pb originated from the tracer. Blank Pb is
common Pb composition will also correspond &84&rh-free not separately corrected for and is dealt with as part of
composition free of radiogenf®Pb. the total non-radiogenic Pb correction; however, given a
For relatively young samples in which residual initial number of analyses have yielded99 % radiogeni%®Pb,
234y=238y disequilibrium can still be quantied, model the Pb blank can be considered a generally minor source of
238_234y_206ph ages were calculated from each corre-non-radiogenic Pb.
sponding pair of U-Pb ané**U=238U analyses, using the
estimated commof®Pb=2"%Pp ratio to correct for the total
non-radiogenic®®Pb, based on the measuré¥Pb=2"5pPb

ratio. In this instance, the '“'_gfszluzzfgsu ratio was calcu- | the absence of suitable well-characterised carbonate refer-
lated from the measuretf‘U="%% ratio as part of the age  gnce materials during the period of method development, the
calculation analogous to U-Th dating. For generally older,3jigation of the new procedure required means other than
material where the initigf*U=>%%U cannot be directly quan-  he direct analysis of reference materials. As an alternative,

: 238, |_206 : _ o
ti ed, model “>*U—""Pb ages were calculated using an as-\ye set four independent validation tests for the new method.
sumed initial?34U=238 ratio (which was chosen arbitrar-

ily in the present work for illustrative purposes only). Model 1. The new method must be able to produce data and ages

4 Protocol validation methodology and sampling

235y-207pph ages were calculated in an equivalent way cor-  consistent with measurements by a conventional isotope
recting for the total non-radiogen®’’Pb in the analysis dilution approach with puri cation of U and Pb —i.e. not
based on the measuré®fPb=2""Pb ratio and the estimated removing the matrix must have no appreciable impact
common?%8pPp=20"pPh ratio. Where?3®U-29"Pb ages were on the resulting data and ages.

calculated but no correspondiRtfU—23*U—-2%pb age could

be determined, th&3U! 206pp system was solved for the 2. The method must be able to generate U-Pb ages that

initial 224U=238U ratio using the calculate??’Pb=23%U age. vary systematically with stratigraphic order in samples
Alternatively, Tera—Wasserburg space was used in which where the successive growth intervals are resolvable.

the age is determined without explicit common Pb correc-

tion, based on the intersection of an isochron with concordia

(e.g. Roberts et al., 2017). This approach, however, is not

favoured by us as it does not allow separate evaluation of

the 238U_(234U)_296Pb and235.U.—.2°7P'b systems (and often 4 The method should replicate data obtained indepen-

involves assumptlpns ab(_)ut |r_1|_t|al disequilibrium in order to dently in a different laboratory.

calculate concordia) but is utilised here where necessary to

compare independently obtained data (e.g. vit8Rb was  These four tests have been performed on three sam-

not measured). ples: ASH-15, SLL10-6, and JOHO-1. A fourth sample,

3. In samples where the common Pb correction permits,
the method must be able to generate concor&hi—
234)_206pp and?3%U—97Pb ages.
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SB_pk142 is analysed as a case study for the application dfios ranging between 3.4 and 8.1 times equilibrium (Vaks et
the235U—297Pp chronometer. al., 2013b, 2020). This sample is used as an example ap-
ASH-15 is a calcite owstone comprising a younger rela- plication of the23°U—2%"Pb chronometer to a cave system

tively thin brownish layer overlying an older, more massive where the?33U—2%pPb chronometer is problematic. Arago-
yellowish layer (Fig. 1), and originates from Ashalim cave, nite samples from Botovskaya cave show consistently low
Negev Desert, Israel. The massive yellow layer has previ?32Th=>38U ratios € 2 10 4, Vaks et al., 2013b), such that
ously been independently analysed at the University of Mel-the radiogeni@®pPb contribution is insigni cant.

bourne (Vaks et al., 2013a) and the University of Oxford Detailed representative sample petrography for samples
(Mason et al., 2013) and has an age of ca. 3Ma and a Urom Ledyanaya Lenskaya and Botovskaya caves, as well
concentration of ca. 1.5 ppm22Th is negligible (Mason et as details of the caves themselves, are given in Vaks et al.
al., 2013). The latter data set, obtained with puri cation of (2013b, 2020).

the U and Pb from the matrix, is compared to new data ob-

tained using the new protocol (i.e. without matrix removal)
as a preliminary test of not removing the matrix.

SLL10-6 is a high-U (6 to 43 ppm) calcite stalagmite 51 ASH-15
from Ledyanaya Lenskaya cave, Siberia, Russia (Vaks et al.,

2020). The sample comprises several distinct layers desigResults for ASH-15 are given in Table 2 and Fig. 2. These
nated from A to G, in order of increasing stratigraphic age analyses were intended as a preliminary test that the new U—
and mostly separated by visible hiatuses (Fig. 1). All sevenPb measurement procedure without matrix separation pro-
stratigraphic layers have been analysed using the new praduces data consistent with published data (Mason et al.,
tocol. Five subsamples each from the F and G layers hav@013) obtained using the same spike but with puri cation of
also been puri ed and analysed using the method of MasorlJ and Pb from the matrix. The new analyses are slightly less
et al. (2013). This provides control data, such that the reprotadiogenic than the analyses of Mason et al. (2013); however,
ducibility of the F and G ages, with and without matrix sep- they are not exact replicates of the same subsamples, so some
aration, can be tested. The multilayer nature of the sample isariation in the proportion of common Pb can be expected.
additionally used to test the ability of the new method to pro- The critical feature is that the data with and without matrix
duce ages in stratigraphic order, while the high-U nature ofseparation are co-linear de ning a common isochron (Fig. 2)
the sample makes it suitable for testing concordanéé8of— and are therefore consistent.

234_206pp ages andU—-207Pb ages. Previoii$2Th=238U

measurements from this sample and other samples from thg2 SLL10-6

same cave (Vaks et al., 2013b) give a maximitt h=238U '

ratio of 1.6 10 3 and indicate that the radiogent€®Pb Control data for the F and G layers obtained with puri cation
contribution is insigni cant. of U and Pb from the matrix following the method of Mason

JOHO-1 (Fig. 1) is a fault vein calcite from the Mid- et al. (2013) are given in Table 2 and Fig. 3. Data and ages
dle East with a relatively low bulk U concentration of 0.3— obtained using the new analytical methodology for all layers
0.5 ppm. The fault vein has been analysed independently abf SLL10-6 are also given in Table 2 and Fig. 4. Blanks for
the University of Oxford using the new protocol described the control data were 4.1 pg Pb, 24.8 pg U for the F layer and
and at the NERC Isotope Geoscience Laboratory (NIGL),42.0 pg Pb, 18.8 pg U for the G layer. Control data are blank
Keyworth, UK, by laser ablation ICP-MS, following the corrected.
methods of Roberts et al. (2017). The laser ablation analyses In terms of the measure@®U=2%pb ratio, for the F
targeted a domain that included material with a much highedayer, the control data are markedly more precise than the
U concentration (up to 25 ppm). The sample is used to testlata obtained using the new protocol (typical relative uncer-
the new protocol via inter-laboratory comparison. tainty of 0.075% versus 0.9 %; Table 2), but the preci-

SB _pk142 (Fig. 1) is an aragonite speleothem fromsion is more similar for the G layer (0.8% versus 1.2 %)
Botovskaya cave, Siberia, Russia. The sample consists afwing to the larger Pb blank correction in the G layer con-
part of a stalactite that has merged into owstone, the remaingrol data. The control data yie€P8U—234U—2%Pb isochron
of a second smaller stalactite (now encased by the owstoneages of 1073.6 6.7 and 949.9 5.4ka (95% conf.) for
portion of the sample) on one corner of the sample, and tracethe G layer and the upper part of the F layer, respec-
of reddish-brown clay on the stratigraphic base of the ow- tively. The corresponding ages for the G layer and the up-
stone. The sample contains two stratigraphic domains sepper part of the F layer obtained using the new protocol
arated by a prominent iron oxide stained lamina, possiblyare 1076.Z 8.5= 8.8ka and 944.C 5.6= 5.6ka, respec-
representing a hiatus. Multiple subsamples from both stratitively. The238U—234U—-2%pp ages therefore replicate with an
graphic domains have been analysed using the new methodincertainty of better than 1%, irrespective of whether the
A notable feature of speleothems from this cave is the largamatrix is removed or not. Moreover, the precision of the ages
and variablé?3*U excess, with known initiaf>*U=238U ra-  is not greatly degraded by applying the simpli ed protocol,

5 Protocol validation results
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Figure 1. ASH-15 is a calcite owstone from Ashalim Cave, Negev Desert, Israel. It comprises a lower yellow-orange unit from ca. 3Ma
and a younger brown unit not analysed here. SLL10-6 is a calcite stalagmite from Ledyanaya Lenskaya Cave, Siberia, Russia. It comprises
several layers designated A to G in order of increasing stratigraphic age, each apparently separated by a hiatus. SB_pk142 is an aragoniti
speleothem comprising a owstone that has merged with and encased two stalactites. The prominent iron oxide stained layer (dashed line)
separating stratigraphically older and younger parts of the sample should be noted. The owstone portion of the sample shows prominent
lamination (sub-horizontal as viewed). The larger of the two stalactites forms the relatively featureless portion of the sample (with saw cuts
on the left image), but some growth laminae (near vertical as viewed) can be seen on the right image, and these pass continuously, but witt
sharp in ection, into the owstone portion of the sample below the iron oxide stained layer, indicating the stalactite and lower part of the
owstone are stratigraphically equivalent. Remnants of a smaller stalactite form the extreme top-left corner of the sample in the left image.
The portion of the owstone above the iron oxide stained layer appears to encase the stalactites and hence is mostly younger than them.
Arrows indicate growth direction. JOHO-1 is a calcite fault vein from the Middle East.

and interestingly the higher analytical precision of the control  23%U-2’Pb ages obtained for SLL10-6 using the new

data for the F layer does not translate to higher age precisiomethod are less precise than ##8U-234U-?9%pPp ages ow-

because of scatter in the data. ing mainly to the proportionally larger common Pb cor-
238_234y_206pp  gges for SLL10-6 obtained us- rection on29’Pb. Nevertheless, the most radiogenic analy-

ing the new protocol vary systematically from ses, layer G andy, yield fairly precise (ca. 5%) 235

1076.2C 8.5= 8.8ka near the stratigraphic base of the 2°’Pb ages of 106Q 46= 48ka and 96@ 47= 54ka re-

sample to 571.€ 13.7= 14.4ka near the stratigraphic top spectively, in agreement with the correspondif)—234U—

of the sample, with no age reversals. Treating replicate and°®Pb ages of 10762 8:5= 8:8ka and 944.T 5:6=

overlapping ages as single values, ve distinct age values ar&:6 ka. All other obtained3®U—29Pb ages are also concor-

observed. The likelihood of these ages falling in stratigraphicdant with their correspondingf8U—234U—2%pb ages.

order as the consequence of a uke result is thus 1 in 5! or

less than 1 %.
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6 SB_pk142 results

Results for SB_pk142 from Botovskaya cave are shown in
Table 2 and Fig. 6. On #8Pp=206pp-238y=206pp plot data
from SB_pk142 fall on two distinct trends corresponding
to the stratigraphically older and younger sections of the
sample. The stratigraphically older part of the sample has a
consistently lower38U=29%pp ratio for a giverf’®Pb=2%pb

ratio than the stratigraphically younger section. The inter-
cept?38U=29%pp values of the two trends at ca. 685 and ca.
910, respectively, for the older and younger sections of the
sample correspond to apparédfu—2%pPb ages of ca. 9.5

Figure 2. Preliminary data from ASH-15 showing comparison of ?Qg;'%rwa’ aSSl:nmIggnet?]UIllti)r:Ii:rganrJtl\? Ui?‘md nﬁig::“?r:
data obtained with the new method with no preconcentration with, - 1€ assumptio a as in equ u

published data obtained with preconcentration (Mason et al., 2013)'.S likely Inporrect (§ee below) but demons_trates the point
The critical result is that the data produced using the new methodhat there is an noticeable apparent age difference between
are co-linear with the data obtained with preconcentration and dethe older and younger sections of the sample, which appears
ne a common isochron. The intersection of the isochron with the consistent with the apparent hiatus, and the age order super-
208p=206py axis gives the comma?8Pb=206ph ratio and the in-  cially agrees with the stratigraphy of the sample. The com-
tersection with th&38U=296pp axis gives thé38U=208pp, 4 ratio mon 208pp=296ph ratios suggested by the upper and lower
providing the?*®Pb is entirely non-radiogenic. sections of the sample are not appreciably different.
On a2%8pp=207pp-235y=207Pp plot data from SB_pk142
show a different pattern, and the data from both the strati-
53 JOHO-1 graphically older and younger portions of the sample de ne
a single trend with an intercept of ca. 171.2. This corresponds
Results for JOHO-1 are given in Table 2 and Fig. 5. The re-to a 23°U=2%"Pb age of ca. 6 Ma, and suggests the strati-
sults are intended as an inter-laboratory comparison of isographically older and younger portions of the sample are not,
topic measurements made using the new protocol at the Uniin fact, appreciably different in age, and that the sample is
versity of Oxford with those obtained independently at NIGL younger than thé38U—296pb system suggests.
by laser ablation. Results are given in termg¥U="Pb— The data show basically coherent mixing lines between a
207pp=208pp ratios for compatibility with the NIGL laser ab- radiogenic endmember and common Pb. Thus, the discrep-
lation measurements. In terms of the meas#@d=""°Pb  ancy between thé38U—2%pp system and3*U—2°"Pb sys-
ratio, the precision of the two data sets is comparable (withtem cannot be easily attributed to open system behaviour.
typical 2% uncertainties for the Oxford solution data ver- Moreover, such an explanation would require U or Pb iso-
sus 3% for the NIGL data; Table 2). However, the NIGL topes from the two systems to have behaved differently.
data targeted a small domain with up to 25 ppm U, wherea€Extreme?34U disequilibrium is, however, known to occur
the solution measurements were made on material with a samples from Botovskaya cave, with initi&*U=238U
bulk U concentration of 0.3—0.5 ppm. ratios between 3.4 and 8.1 times equilibrium reported for
The NIGL data de ne a mixing trend from highly radio- samples from the last 0.5Ma based onTH dating (Vaks
genic compositions (with &38U=29%Pp ratio of ca. 340 and et al., 2013b, 2020). Exces8%Pb from the decay of ex-
a 207pp=2%pp ratio of ca. 0.05) falling just above concor- cess initial?3U will make the 238U=2%ph.4 ratio appear
dia, towards a common P#’Pb=2Pb ratio of ca. 0.65, low (old) compared to the correspondiRPU="""Phoq ra-
but with the majority of the analyses clustering towards thetio, with the discrepancy depending on the inig&tu=238U
radiogenic end of the trend. The Oxford data fall towardsratio; in other words, it allows time-independent variation
the radiogenic end of the same trend and are thus consi®f the 238U=206ph4 ratio not seen in thé3°U=""Pp ra-
tent with the NIGL analyses and yield a comparable age iftio. This could account for older appareitfU—2%Pb ages
common assumptions are used. Thus, for example, regresind the difference between tRE¥Pb=226Pp-238U=2%pp and
sion of each data set through a comm8APb=2%%Pb ratio  298Pb=207Pp-235U=207Pp plots. Excluding subsamples 15—
of 0.65 0.1 yields concordia intercepts at 19.394.30 and 17, which are non-radiogenic, the upper section of the sample
19.19 0.15Ma, respectively, for the Oxford solution data gives a mea*®U—-2%’Pb model age of 5.9 Ma with typical
and NIGL laser ablation data (concordia assumes no initiauncertainties on individug®>U=2°"Pb model ages of 0.2
230Th or231pa and equilibrium initiaf3>*U and??Ra). Less  to 0.3 Myr, and suggests an initid#*U=>38U ratio varying
spread towards non-radiogenic compositions is seen in théetween 3.8 and 5.8 times equilibrium (Table 2). This ini-
Oxford data, but this is unsurprising given that fewer analy-tial 234U=238U is typical of that already documented from
ses were made. Botovskaya cave. The lower section of the sample is gen-
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Figure 3. (a) Modi ed Tera—Wasserburg diagram showing the control data for SLL10-6 G and F layers obtained with puri cation of the U
and Pb from the matrix following the method of Mason et al. (2013). Because the fiflaE238U ratio is not known a priori, a unique
concordia curve appropriate to each sample layer cannot be de ned. Instead, two sets of tie lines (the sub-horizontal curves) connecting
concordia curves (not shown) with different init%U=238U ratios are plotted. The rst set connects points of ed#4U=238U ratio for

values corresponding to the mean measfét=238U ratio ( uncertainty) for the F and G layers. The second set of tie lines are age
contours connecting points of equal age. The interpreted radiog&#it2%%Pb and radiogenié®’Pb=20%pb ratios must simultaneously

satisfy the tie line corresponding to the measutétU=238U ratio, and the mixing trend with common Pb de ned by the regression ts
(grey-shaded bands) to the measured U-Pb data — i.e. the intersections shown with the black ellipses. The age is then de ned by where
the intersection falls in relation to the age contours. The vertical dashed lines indicate the radté8eaf€®Pb ratios interpreted from
regression intercepts #H8Pb=206pp-238=206pp, jsotope space (not shown but equivalent to Fig. 6a) as a cross-check and are consistent
with the aforementioned intersectiorfb) Enlargement of the intersections between the regression ts to the measured data and the equal
234y=238) tie lines for the sample measur&fU=238U ratios. Age contours correspond to the maximum and minirftfd—234U—206pp

age dgzréed by the intersections for each sample layer. Calculations a€sfohw35U D 137.75, no initia?31Pa or23%Th and equilibrium

initial ““°Ra.

erally slightly less radiogenic, but where subsamples yield Not separating the matrix does not lead to inconsistent data
235y=207pp ages they are indistinguishable from the upperin the preliminary test using ASH-15, that is to say the data
section of the sample. Calculated initfdfU=>38U ratios for ~ with and without matrix separation are co-linear, i.e. they de-
the lower part of the sample are higher than those previouslyne a common isochron, and therefore would yield the same
reported but not particularly unexpected for this cave, at be238U=29pp age. Replication A8U-234U—296pp ages with
tween 10 and 11.6 times equilibrium. It is uncertain why the and without matrix separation is demonstrated to a high pre-
initial 234U=238y changed between the two sections of the cision for the F and G layers of SLL10-6, again demonstrat-
sample, though the fact that a prominent iron oxide stainedng that matrix separation via anion exchange chemistry is
lamina separates the two portions of the sample seems to imot necessary for &Pb measurements. This ndingis in line
dicate a change in growth conditions occurred. with the fact that laser ablation techniques have allowed mea-
surements for a number of years without matrix separation
(e.g. Roberts et al., 2017).

7 Discussion For SLL10-6,238U—234U-2%ph ages obtained with the
new protocol from all stratigraphic layers vary systemati-
7.1 Method validation cally with stratigraphic order, without age reversals. More-

~_ over, for sample layers that are suf ciently radiogenic to al-
The results from the samples used for method validation iNow 235U—207pp ages to be calculated, these are concordant

dicate that the new protocol passes all four method validation;i, the 238_234_206pp ages, demonstrating the ability of
tests. This in turn implicitly demonstrates that matrix effects ha new protocol to exploit th&SU—297Pb system where the

such as molecular interferences or decoupling of U and PByatre of the sample permits, even on material as young as ca.
mass fractionation during analysis are either unimportant o 14 This is signi cant because it demonstrates the ability to

can be adequately controlled with proper setup of the instruy,sve 4 continuity of dating between young samples where the
ment. Similarly, signi cant biases introduced during sample jyitial 234U can be directly constrained via tR&8U~234U—

preparation, such as preferential leaching of U or Pb duringoépp, chronometer and old material (.20 Ma) where
partial sample dissolution by the spike, can also be excluded.
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Table 2. U-Pb data and age) Preliminary test data for ASH-15 obtained without preconcentration of U an¢bPksochron reference data for SLL10-6 F and G obtained with
preconcentration of U and Pb. Each analysis is a separate subsézhplePb data238U-234U-208pp ages and35U—-207Ph ages for SLL10-6 obtained without preconcentration of
U and Pb(d) U—Pb data obtained without preconcentration of U and?P#,/—206Pb reference ages ak@*U—20"Pb ages for SB_PK_142. TH&8U—-28pp reference ages use an
arbitrary assumed initid34U=238U and are included only to highlight the apparent age difference between the upper and lower portion of the(sphgka data and38U—296pp

reference ages for JOHO-1 obtained without preconcentration of U ar{f) Reference laser ablation U-Pb data for JOHO-1.

() 238y =206pp, C 208pp=206p}, c

ASH-151_1 1045 31 31 1.067 0.032 0.032

ASH-151_1 (replicate) 1083 32 32 1.054 0.032 0.032

ASH-15|_2 1289 39 39 0.864 0.026 0.026

ASH-15_3 1280 38 38 0.865 0.026 0.026

ASH-151_4 1340 40 40 0.826 0.025 0.025

ASH-151 5 1134 34 34 1.049 0.031 0.031

ASH-151_5 (replicate) 1094 33 33 1.047 0.031 0.031

Uncertainties are 95 % con dence

(b) ID 238 =206p|, C 207ppH=206pp C ANme HMO@UU.MOM_UUHNOO_UUW 208phH=206pp C Amwmc HNOm_UU-NOm_UUHNOQ_UUvN
SLL10-F-top 53283 36 35 0.03813 0.00069 0.00074 0.71 0.0095 0.0012 0.0012 0.72
SLL10-F-top 53252 4.8 43 0.0372  0.0010  0.0011 0.84 0.0072 0.0018 0.0019 0.85
SLL10-F-top 5337.2 4.4 A7 0.03606  0.0010 0.00095 0.79 0.0051 0.0017 0.0016 0.80
SLL10-F-top 5320.0 31 33 0.03838 0.00053 0.00059 0.63 0.0107 0.0010 0.0010 0.64
SLL10-F-top 5286.0 4.2 4.4 0.04010 0.00098  0.0010 0.81 0.0150 0.0018 0.0016 0.82
SLL10-6-G 4720 40 34 0.0709  0.0052  0.0061 0.95 0.088 0.013 0.015 0.98
SLL10-6-G 4564 30 26 0.0894  0.0040  0.0048 0.95 0.135 0.010 0.011 0.97
SLL10-6-G 4910 46 40 0.0460  0.0061  0.0070 0.96 0.024 0.015 0.017 0.98
SLL10-6-G 4915 49 42 0.0493  0.0064  0.0074 0.96 0.033 0.016 0.018 0.98
SLL10-6-G 4872 39 32 0.0553  0.0049  0.0058 0.96 0.048 0.012 0.014 0.98
D 235 =207pp, C 208pp;207py, c Amwmc HNOM_UU.NOWUU\MOM_UUVQ 2347238 c

SLL10-F-top 1002 20 19 0.249 0.027 0.028 093 59241 10° 7.0 108 62 108

SLL10-F-top 1026 32 28 0.194 0.042 0.046 0.96 59223 10° 66 108 67 108

SLL10-F-top 1061 29 29 0.140 0.044 0.043 0.96 59202 10° 66 108 64 10°

SLL10-F-top 994 16 14 0.278 0.022 0.021 091 59192 10° 59 108 59 10°

SLL10-F-top 945 25 24 0.373 0.034 0.034 0.94 59187 10° 60 108 57 108

Mean 59209 105 2.8 108 28 108

SLL10-6-G 484 49 37 1.246 0.090 0.12 0.93 57588 10° 65 108 89 108

SLL10-6-G 371 23 18 1.507 0.044 0.058 0.88 57587 10° 60 108 85 108

SLL10-6-G 780 140 100 0.52 0.24 0.33 0.97 57610 10 ° 57 108 90 108

SLL10-6-G 727 130 92 0.66 0.22 0.31 0.97 57548 10° 62 108 85 108

SLL10-6-G 642 79 57 0.87 0.14 0.18 0.96 57535 10° 62 108 85 108

Mean 57574 10 ° 39 108 39 10°

Uncertainties are empirical 95 % con dence Monte Carlo errors. The slight variations in the model values for different
samples are random uctuations arising from the Monte Carlo approach. Data are corrected for procedural blank.
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Table 2. Continued.

ID Model com.298pp=207ppp c Model 238y =235y c 207pp.235y age (Ma) c 207py=206pp, [@
SLL10-6 A 2.46 0.14 0.14 137.75 0.19 0.20 0.2233 0.0043 0.0046
SLL10-6 A 2.46 0.14 0.14 137.75 0.20 0.20 0.68 0.33 0.34 0.2288 0.0062 0.0063
SLL10-6 B 2.46 0.14 0.14 137.75 0.20 0.20 0.459 0.068 0.061
SLL10-6 B 2.46 0.14 0.13 137.75 0.20 0.21 0.432 0.058 0.054
SLL10-6 B re-cleaned 2.47 0.13 0.14 137.75 0.20 0.20 0.2105 0.0068 0.0067
SLL10-6 B re-cleaned 2.46 0.13 0.13 137.75 0.20 0.20 0.92 0.42 0.43 0.2153 0.0074 0.0060
SLL10-6 B-C hiatus 2.46 0.14 0.13 137.75 0.20 0.20 0.470 0.011 0.013
SLL10-6 C 2.47 0.14 0.14 137.75 0.20 0.20 0.78 0.10 0.11 0.0887 0.0031 0.0030
SLL10-6 C 2.46 0.13 0.13 137.75 0.20 0.20 0.83 0.13 0.13 0.0910 0.0037 0.0031
SLL10-6 D re-cleaned 2.47 0.14 0.13 137.75 0.20 0.20 0.85 0.27 0.27 0.1385 0.0062 0.0055
SLL10-6 D re-cleaned 2.46 0.14 0.13 137.75 0.20 0.20 0.85 0.28 0.26 0.1371 0.0062 0.0051
SLL10-6 D-E hiatus 2.46 0.13 0.13 137.75 0.20 0.20 0.78 0.18 0.22 0.1198 0.0024 0.0024
SLL10-6 E 2.47 0.14 0.14 137.75 0.20 0.20 0.93 0.32 0.34 0.1640 0.0062 0.0056
SLL10-6 E 2.47 0.13 0.13 137.75 0.20 0.19 0.87 0.30 0.32 0.1604 0.0057 0.0053
SLL10-6 F top 2.47 0.13 0.14 137.75 0.20 0.20 0.960 0.047 0.054 0.0626 0.0013 0.0010
SLL10-6 F bottom 2.47 0.13 0.13 137.75 0.20 0.20 1.02 0.15 0.16 0.1143 0.0020 0.0022
SLL10-6 G 2.46 0.14 0.14 137.75 0.20 0.20 1.060 0.046 0.048 0.0572 0.0010 0.0010
ID % concordance  C

(238 =206pp207pp=206ppp (234 =206pp, 207pp=206ppp  (207pp=206pp208ph=206ppp  (235-207pp age=238U-206pp age)
SLL10-6 A 0.66 0.65 0.08 -
SLL10-6 A 0.42 0.42 0.21 119 57 60
SLL10-6 B 0.50 0.50 0.05 -
SLL10-6 B 0.49 0.49 0.03 -
SLL10-6 B re-cleaned 0.53 0.53 0.20 -
SLL10-6 B re-cleaned 0.03 0.03 0.15 116 53 54
SLL10-6 B-C hiatus 0.52 0.52 0.19
SLL10-6 C 0.58 0.58 0.30 100 14 14
SLL10-6 C 0.29 0.29 0.09 107 16 17
SLL10-6 D re-cleaned 0.40 0.40 0.09 99 32 32
SLL10-6 D re-cleaned 0.44 0.44 0.15 99 32 30
SLL10-6 D-E hiatus 0.69 0.69 0.12 91 21 25
SLL10-6 E 0.65 0.65 0.34 107 37 39
SLL10-6 E 0.46 0.46 0.06 100 34 37
SLL10-6 F top 0.32 0.31 0.60 101.7 5.1 5.7
SLL10-6 F bottom 0.44 0.44 0.18 107 16 17
SLL10-6 G 0.59 0.59 0.06 98.5 4.5 4.6

Uncertainties are empirical 95 % con dence Monte Carlo errors. The slight variations in the model values for different samples are random
uctuations arising from the Monte Carlo approach. Analyses with the same designation are replicate measurements of the same subsample.
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Table 2. Continued.

0.68
0.51
0.44
0.47

0.24
0.31
0.53

D (235 =207pp 208pp=207phR  Model com 208Pb=207ptp c Model 238y =235 207pp 235y age (Ma) C
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 0.20 71 31
SB_PK 142 (15) 0.83 2.429 0.038 0.038 137.75 0.20 0.20 71 29
SB_PK 142 (16) 0.62 2.429 0.038 0.038 137.75 0.19 0.20 50 1.8
SB_PK 142 (16) 0.33 2.429 0.037 0.039 137.75 0.20 0.20 47 17
SB_PK 142 (17) 0.75 2.429 0.038 0.037 137.75 0.20 0.20 49 26
SB_PK 142 (17) 0.87 2.429 0.037 0.038 137.75 0.20 0.20 69 24
SB_PK 142 (18) 0.84 2.429 0.037 0.038 137.75 0.20 0.20 583 0.24
SB_PK 142 (18) 0.79 2.429 0.038 0.038 137.75 0.20 0.20 569 0.29
SB_PK 142 (19) 0.84 2.429 0.038 0.038 137.75 0.20 0.20 6.08 0.32
SB_PK 142 (19) 0.78 2.429 0.038 0.038 137.75 0.20 0.20 579 0.26
SB_PK 142 (20) 0.69 2.429 0.037 0.037 137.75 0.21 0.20 6.06 0.11
SB_PK 142 (20) 0.82 2.429 0.039 0.037 137.75 0.20 0.20 596 0.20
Subsamples 1-14 (stratigraphically older than Fe stained lamina)

SB_PK 142 (1) 0.81 2.429 0.037 137.75 0.20 0.20

SB_PK 142 (1) 0.66 2.429 0.038 137.75 0.20 0.19

SB_PK 142 (1) 0.86 2.429 0.038 137.75 0.20 0.20

SB_PK 142 (2) 0.51 2.429 0.038 137.75 0.20 0.20 572 0.63
SB_PK 142 (2) 0.70 2.429 0.039 137.75 0.21 0.19 581 0.51
SB_PK 142 (3) 0.61 2.429 0.037 137.75 0.21 0.20 6.11 0.44
SB_PK 142 (3) 0.85 2.429 0.038 137.75 0.20 0.20 6.16 0.59
SB_PK 142 (4) 0.66 2.429 0.037 137.75 0.21 0.20

SB_PK 142 (4) 0.79 2.429 0.038 137.75 0.20 0.21

SB_PK 142 (5) 0.62 2.429 0.037 137.75 0.20 0.20 6.07 0.19
SB_PK 142 (5) 0.71 2.429 0.037 137.75 0.21 0.20 6.15 0.22
SB_PK 142 (7) 0.71 2.429 0.037 137.75 0.20 0.20 6.01 0.50
D 207pp=206pp c C

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

SB_PK 142 (15) 0.318 0.012 0.013 1.6 8.7 8.8

SB_PK 142 (15) 0.3170 0.0098 0.014 1.4 89 8.2

SB_PK 142 (16) 0.2181 0.0060 0.0059 7.2 8.8 51

SB_PK 142 (16) 0.2114 0.0063 0.0083 8.0 4.9 5.0

SB_PK 142 (17) 0.202 0.012 0.012 7.3 6.3 7.4

SB_PK 142 (17) 0.2071 0.010 0.0091 1.5 5.0 6.7

SB_PK 142 (18) 0.0564 0.0013 0.0015 5.76 0.74 0.74

SB_PK 142 (18) 0.0557 0.0018 0.0019 59 1.0 0.9

SB_PK 142 (19) 0.0559 0.0022 0.0020 4.06 0.92 1.05

SB_PK 142 (19) 0.0546 0.0019 0.0019 4.44 0.89 0.85

SB_PK 142 (20) 0.04661 0.00080 0.00078 3.79 0.35 0.37

SB_PK 142 (20) 0.0454 0.0013 0.0012 4.39 0.54 0.56

Subsamples 1-14 (stratigraphically older than Fe stained lamina)

SB_PK 142 (1) 0.422 0.027 0.022

SB_PK 142 (1) 0.434 0.016 0.018

SB_PK 142 (1) 0.440 0.029 0.029

SB_PK 142 (2) 0.0591 0.0028 0.0032 111 2.2 2.1

SB_PK 142 (2) 0.0572 0.0026 0.0024 114 1.7 1.7

SB_PK 142 (3) 0.0576 0.0021 0.0020 10.9 1.4 1.5

SB_PK 142 (3) 0.0583 0.0027 0.0022 10.5 1.4 1.7

SB_PK 142 (4) 0.271 0.010 0.015

SB_PK 142 (4) 0.2682 0.0089 0.0083

SB_PK 142 (5) 0.0438 0.0010 0.0010 9.96 0.86 0.61

SB_PK 142 (5) 0.0436 0.0011  0.0013 10.86 0.94 0.68

SB_PK 142 (7) 0.0504 0.0027  0.0026 11.6 1.8 1.8

Uncertainties are empirical 95 % con dence Monte Carlo errors. The slight variations in the model values for different samples are random uctuations
arising from the Monte Carlo approach. Analyses with the same designation are replicate measurements of the same subsample.
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Table 2. Continued.

(f) Spot 238y =206pp, 207pp=206py, ‘ Spot 238y =206pp, 207pp=206pp,

JOHO-1_01 212 16 0.304 0.039JOHO-1_31 297 13 0.103 0.015
JOHO-1_02 203 16 0.279 0.033JOHO-1_32 310.5 8.3 0.0767 0.0031
JOHO-1_03 317.3 8.1 0.0682 0.0032JOHO-1_33 327.4 8.8 0.0574 0.0020
JOHO-1_04 274.9 8.6 0.140 0.011JOHO-1_34 340.3 8.0 0.0531 0.0017
JOHO-1_05 283 11 0.135 0.011JOHO-1_35 323 10 0.0800 0.0051
JOHO-1_06 320 12 0.0796 0.0059JOHO-1_36 328.5 8.9 0.0594 0.0023
JOHO-1_07 311 10 0.0724 0.0059JOHO-1_37 317.6 9.1 0.0803 0.0036
JOHO-1_08 284 14 0.145 0.018J0OHO-1_38 319.5 8.5 0.0803 0.0046
JOHO-1_09 275.1 7.8 0.1542 0.0068JOHO-1_39 338.5 8.3 0.0566 0.0019
JOHO-1_10 302 12 0.1713 0.0094JOHO-1_40 302.1 9.8 0.0983 0.0058
JOHO-1_11 331.7 8.2 0.0505 0.0016J0HO-1_41 69 15 0.523 0.038
JOHO-1_12 333.1 8.2 0.0578 0.0019JOHO-1_42 318.3 9.5 0.0698 0.0037
JOHO-1_13 325.0 8.3 0.0549 0.0016JOHO-1_43 320.2 7.6 0.0627 0.0023
JOHO-1_14 285 11 0.148 0.012JOHO-1_44 239 23 0.214 0.042
JOHO-1_15 309 12 0.1183 0.0082JOHO-1_45 197 12 0.338 0.029
JOHO-1_16 318.1 9.9 0.0693 0.0041JOHO-1_46 336.6 8.4 0.0643 0.0036
JOHO-1_17 319.6 8.6 0.0716 0.0038JOHO-1_47 335.6 8.3 0.0497 0.0020
JOHO-1_18 316.7 9.6 0.0692 0.0039JOHO-1_48 332.5 8.0 0.0587 0.0027
JOHO-1_19 257 11 0.183 0.013JOHO-1_49 346.5 8.3 0.0513 0.0016
JOHO-1_20 275 11 0.151 0.011 JOHO-1_50 334.3 8.7 0.0637 0.0035
JOHO-1_21 333.0 8.4 0.0592 0.0032JOHO-1_51 251 11 0.220 0.019
JOHO-1_22 338.4 7.4 0.0496 0.0014J0HO-1_52 330.4 8.5 0.0678 0.0032
JOHO-1_23 305.6 8.9 0.0987 0.0061JOHO-1_53 338.3 9.0 0.0754 0.0050
JOHO-1_24 322.6 8.5 0.0751 0.0042JOHO-1_54 319.7 9.0 0.0809 0.0037
JOHO-1_25 319.5 9.1 0.0796 0.00%5JO0HO-1_55 306.3 8.9 0.1270 0.0050
JOHO-1_26 309.9 8.8 0.0826 0.00%9JOHO-1_56 339.3 8.9 0.0688 0.0026
JOHO-1_27 306.4 7.9 0.1006 0.0060JOHO-1_57 340.6 8.6 0.0487 0.0016
JOHO-1_28 293.3 8.9 0.1173 0.0094J0HO-1_58 338.5 8.8 0.0526 0.0017
JOHO-1_29 326.5 8.5 0.0542 0.0018JOHO-1_59 333.3 8.0 0.0645 0.0052
JOHO-1_30 297 10 0.1150 0.0082JOHO-1_60 322.3 8.6 0.0606 0.0027

Uncertainties are 2 \

a Correlation coef cient for the uncertainties on the speci ed ratio p&irshe assumed composition and uncertainty used to make corrections for the Pb initially in the
samples® The initial 234U=238y ratio is arbitrarily chosen to allof38U=206ppages to be calculated to show the apparent age differences between the different
sections of SB_PK 142. THS8U=206ppages should not be taken as an accurate estimate of the true age. The assigné#Hp#faPU uncertainty assumes a normal
distribution.d The initial 234U=238U ratio estimated from th&38u=208pp,4 ratio using the?35U-207pb age.

238_206pp age inaccuracies associated with assuming then initial 234U=?380) is that while ages can be highly pre-
initial 234U=238U ratio will be proportionally small compared cise (e.g. Woodhead et al., 2006), an age calculated assum-
to the age. ing equilibrium initial 234U=238U and one calculated using
Analysis of JOHO-1 using the new protocol replicates the most extreme known initigd®*U=238U ratio differ by
independently obtained laser ablation data, demonstrating 2 Myr, which is proportionally a massive difference for
inter-laboratory consistency of the new method. Additional ages of a few million years. While it is possible to try to
data quality tests of the new method are presented in theharacterise initiaP3*U=23%U for a particular cave using
larger data set of Vaks et al. (2020) in the form of compar-younger material (e.g. Woodhead et al., 2006), it is dif -
ison with U-Th ages and the testing of age reproducibility cult to test whether such younger material is representa-
between different speleothems from a single location. tive, and in some instances younger material may not ex-
ist. Consequently?38U—296pp dating beyond the limit of the
238_234y—20pp chronometer is something of a game of
Russian roulette in terms of age accuracy, with SB_pk142
from Botovskaya cave being an example of where the “bul-
One of the major limitations to applying tR88U—296pp sys-  let” of extreme initial>34U disequilibrium is in the cham-
tem to geologically young materials just beyond the limit ber. The?**U—2"Pb chronometer provides an alternative op-
of the 238U—234J—206pp chronometer (ca. 2 Ma, depending tion for highly radiogenic samples. Moreover, because de-

7.2 Limitations of 238U-296pp dating and the of utility of
the 235U—207pp system
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Figure 5. Tera—Wasserburg diagram showing a comparison of data
from sample JOHO-1 obtained at NIGL by LA ICP-MS with data
obtained at Oxford using the new method. Data are presented in
238)=206pp_207p208p, jsotope space for compatibility with the
NIGL LA data and because no independent measurement of the

23271,-238) | i ; b P
Figure 4. Summary data for SLL10-6 showing the replication of the Th="* is presently available. Equilibrium concordia is shown

ages from the layers F and G obtained using the method of Masoﬁ]or reference. The co-linearity of the Oxford and NIGL data indicate
etal. (2013) (ages with “iso.” label) with the ages obtained using the et CO”.ZLStenCy Oé.t h;“g’é)u(i%aesg ts. Tgi(;”‘er;%%‘éfzggéle array of
new method and the consistency of the ages produced with the ne\g‘%g Wi ctc;ncordl_a L q CE' 'than t th f ca. |
method with the stratigraphic order of the sampled layers. The inset gl(\j/_es € rgblo_geplc ert') rtne:nther withou ef ui’)f ora p_ur(tjay
shows isotopic data from the layers B and C, which include some of 'ON-radiogenic Isofope but at the expense of oblaining inde-

235 =207, ; ; ; ; .
the least radiogenic analyses obtained from this cave and were us ndent™>U=""'Pb ages. The intersection \.N'th °°F‘.°°'Td'a cor
to help constrain the comm@88Pb=298ph to ca. 1.53%8Pb=206ph responds to an age of ca. 19.25Ma, assuming equilibrium initial

234 ; ; ; 07, 06 e i

06 U. The intersection with th&9’Pb=296pp axis gives a common
axis intercept). The rather low (radiogenic) comnfdAPb=226pPb 207p1206Pb ratio of ca. 0.65. The somewhat Iowg(radiogenic) com-
ratio is considered to have resulted from ingrowtr?8%Pb in the P 20

207, 06 i i ; 6pp i
source of the common Pb (presumably the cave host rock) prior ghon '??;2 Pb ratio Fli) atmbLt'ted to ||ngfrowtht<ﬂ0 Pb in the
the growth of SLL10-6. source of the common Pb prior to sample formation

cay of exces$3*U leads to a permanent excess of radiogenicdant sample material can be prepared with little extra effort,
206p) relative to radiogeni®’’Pb, comparison of th&3u—  such that an analytical session can be re-targeted in real time,

206py an235U—297Ph systems can be used to constrain ini- &S it becomes apparent which material is most favourable for

tial 234U=238U after any residual disequilibrium has decayed dating. The greatly reduced sample preparation also elim-
(e.g. Mason et al., 2013). This is potentially very useful for inates stages at which contamination could occur (column
testing assumed initi&B8U/234U ratios used for other sam- chemistry, sample dry-downs), reducing the need for an op-

ples in a set where these can only be dated by¥#g—2%6pp  timal lab and column setup. The more traditional solution-
chronometer because of common Pb. based approach with puri cation of U and Pb retains an ad-

vantage in terms of analytical precision (at least under ideal
conditions, e.g. the SLL10-6 F control data; Table 2) and
is therefore likely to remain the preferred approach for the
calibration of reference materials (e.g. Roberts et al., 2017).
The present method is only applicable to samples in whichHowever, high analytical precision may not translate to high
232Th is near absent. The method is not intended as a blanketge precision if other limiting factors, such as scatter in the
replacement for prior implementations of the U-Pb system,data, are present (as in the SLL10-6 F control data; see also
but rather as a complementary technique that can be appliethe compilation of Woodhead and Petrus, 2019) — i.e. the
where it is best suited. lower analytical precision of the new procedure need not be
The new protocol has signi cant advantages over a tradi-a signi cant limitation in terms of age precision. Indeed, the
tional solution-based approach in terms of the simplicity of utilisation of the new approach by us (Vaks et al., 2020) to
sample preparation for U-Pb analysis. Sample preparationbtain ca. 5¢38U-234U—2%pp ages, many with correspond-
is fast to the point that prior reconnaissance characterisatioing concordanf®°U—°’Pb ages, on materia 1.6 Ma old,
of the U-Pb system is unnecessary as the time penalty fodemonstrates that it can be applied effectively to generate
preparing an undatable sample is minimal. Moreover, redunfairly large data sets. In this case, the reduction in analyti-

7.3 Applicability of the new protocol and potential future
development
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cal effort achieved with the new approach allowed replica-
tion of growth ages between different stalagmites, providing
additional quality control that would not otherwise have been
available.
The new protocol does not provide an alternative for in
situ techniques where high spatial resolution is required, e.g.
on samples that are very small or have a complex morphol-
ogy (e.g. Lietal., 2014). However, the results from JOHO-1
indicate the new method can be applied to carbonates with
< 1ppm U. Although not investigated in detail, the compara-
ble precision of the JOHO-1 solution and laser ablation data,
despite the latter being acquired on a domain with0 the
U concentration, suggests the new protocol would outper-
form laser ablation in terms of the lower U and Pb concen-
tration limit at which ages could be obtained. Moreover, the
higher-precisiorf3*U=238U measurements obtained with the
new method relative to laser ablation ( 1 %o attained here
versus 5 %o0—6 %o obtained by Lin et al. (2017) by laser ab-
lation) makes the former generally more suitable ¥itU—
234)_206pp dating, where quantifying slight residual dise-
quilibrium in the?3*U=238U ratio can be critical.
The new protocol was developed on a rst-generation Nu
plasma, an instrument ca. 20 years old at the time of writ-
ing. Hardware advancements, notably the Isotopx ATONA
ampli er, which can greatly expand the dynamic range of
Faraday collectors into the range traditionally belonging to
Figure 6. Isochron plots for sample SB_pk142. The “older” and the jon counter (Szymanowski and Schoene, 2020), offer fu-
“younger” sections are stratigraphically older and younger than any e potential to re ne the present methodology. While the
iron oxide stained .Iaminazpo_szs;gly marking a hiatus, re;pectively.smaH 206Pb, 207pp and?%8pph signals from radiogenic sam-
Based on the maximurfPTh="3% observed for aragonite sam- ples would still likely require measurement on ion counters,
ples in this cave (Vaks et al., 2013a), ingrof®Pb is estimated . . . - . . .

with suitable spike design, it may be possible to shift mea-

to make no more than a ca. 3% contribution to #98Pb=206pp >
and 208pb=207ph ratios for the most radiogenic analyses, becom- Surementof the Pb spike isotope and &¥big onto Faraday

ing inconsequential for the least radiogenic analyses. This contri-COI.leCtorS' providing more exibiIity in the.collector con gu-
bution is negligible for the common Pb correction and has a maxi-rations that could be used. In particular, it may be a means to

mum effect on the3®5U—207Pb) age of 0.5%.. In both plots the ~measuré®’Pb simultaneously with the spike isotope to help

isochron intersection with the axis corresponds to the common improve the precision of thé*>U=""Pb ratio. Similarly, it

Pb composition, while in the effective absence of ingratifPb, may be possible to avoid the use of ion counting for small
the intersection with thg axis corresponds to Y U=2%Ph,q 235 signals, simplifying the analysis.

ratio. (a) 29%Pb=2%Pb-23%U=29%PD plot showing the two portions  pemonstrating the ability to make U-Pb measurements
of the sample falling on clearly distinct trends corresponding to ap-by directly dissolving samples with an isotopic tracer and

238y j_206, i ) . =l
parent™U Pb ages of ca. 7.2Ma and ca. 9.5 Ma. The q"’.lshedanalysmg with no further preparation other than dilution,
lines are reference isochrons for 6 and 10 Ma assuming equilibrium

initial 234U. The gures in brackets are the initiaP4U=238U activ-  OPENS another intriguing possibility for future method de-

ity ratios associated with each portion of the sample, estimated b)yeloprrllen_t; the progpect of sqme form of quasi-in situ iso-
solving the238U—206pp decay equation using tR8%U—207Ph age.  tope dilution analysis. If an acid-cleaned subsample can be

(b) 208pp=207p235y=207pp plot showing the two sections of the dissolved directly with the tracer and analysed, there is no
sample falling on a common trend, suggesting they actually have &eason, in principle, why an entire sample could not be acid

similar age of ca. 6 Ma. The 6 Ma reference isochror{aris con-
sidered to represent the true age of the sample based éAte

cleaned and small domains then dissolved with the tracer for
analysis while still in situ. Obviously, there would be prac-

207pp data. The plotting of the data on two separate and apparentlyical hurdles to overcome, and this would not be a substitute

older isochrons ir{a) is attributable to the distinct and high initial
234y=238Y ratios in the two parts of the sample, which resulted in
two populations of data with different radiogeri€®Pb excesses
relative to the 6 Ma reference isochron.

Geochronology, 4, 33-54, 2022

for high spatial resolution techniques, but it could substan-
tially streamline isotope dilution analysis and make it less
destructive to the sample.
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