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Abstract

Columite-tantalitegroup minerals arthe most common Nfha mineras. Columbitetantalite

is particularly suitable for &b dating due to its high U and low common Pb contémtstu
isotopic dating of columbitetantalite byLA-ICP-MS or SIMS requires certéd reference
materialto properly account for potential matrix effects linked to substitutions between Nb
and Ta and between Mn and.Faur study haswo objectivesi) establish a database of
reference materials fan situ U-Pbisotopicdating ofcolumbitetantalite mineralgnd i) test
the capability ofSIMS toin situ U-Pb daé columbitetantalite mineral®f different chemical
composition Tess of in situ U-Pb datingdemonstrate th&bIMS can easilye used talate
columbitetantalite mineralswith errorsand precisioa overlappingthe reference IBTIMS
age There are however, significant matrix effects for nommatching Nb-Ta-FeMn
compositions osample and reference materilatrix effects arénighly correlatedwith the
Tal(TatNDb) ratio of columbitetantalite,due to the significant differenda the atont mass
of Nb andTa. The Mn/(Mn+Fe)ratio doesnat significanty contribute tothe observed matrix
effect as the two elements havsimilar atomic massesThe linear correlatiorbetween
Ta/(Nb+Ta) and @@PbFU)smd(C°PbFU)p.rivs) obtained for columbitetantalite
minerals of knownD-TIMS agedemonstrates thahe SIMS matrixeffect can be properly
accounted for by usinthe chemical compositioras determinedoy EMPA. The ability to
measuré®Pb by SIMS alsoallows the use of reference materials witlsraallcommon lead
contribution ando calculae accurate and precise ages columbitetantaliteminerak with

contributionsof common lead

Keywords



Columbitetantalite, Nobium, Tantalum,U-Pbdating,SIMS, ID-TIMS, Geochronology

1. Introduction

Niobium and tantalum are critical resources due to their wide application inighg¢ech
electronis industry in superalloys, magnets, glassesd structural ceramic§Mineral
profiles by BGShttp://www.bgs.ac.uk Tantalum ismostly extracted froncolumbte-tantalite
minerals [(Fe,Mn)(Nb,TaPg] that occurin rare metal granites, alkaline and carbonatitic
rocks, pegmatiteand hydrothermal veins.¢., Baumgartner et al., 2008jitchell 2015; Zhu

et al., 201% The improvement of exploration methods atitus the discovery of new
niobiumand tantalum depositequiresa better understanding of the geological conditions of
mineralizationformation. Dating columbitetantalite mineralization provides critical step in
linking the formation of Nb and Ta resourcts the tecton-metamorphic and magmatic
historyof an area

Columlte-tantalite mineralfiavehigh U contentsassociated withow Ph.ommonCoONntentsand
thus develop with time highly radiogenic Pb isotopic compositiRemer and Lehmann,
1995; Romer and Smeds, 1994; Romer and Wright, 1992; Smith et al., Z0@4highly
radiogenic Pb isotopic compositioakow for direct daing of theseore minerals.
ColumbitetantaliteU-Pb datingoy isotope dilution thermal iomtion massspectrometrjhas
been reportefor several geological contextfd-TIMS; i.e. Romer and Wright, 199Romer
and Lehmann, 1999Romer and Smeds, 1994, 1996, 1997; Romer et al., I9¥9&thir et
al., 2002; Kister et al., 2009ewaele et al., 201 Melcher et &, 2015). Thehigh precision

of ID-TIMS daing of columbitetantalite mineralsis offset by the delicate and time-
consuminganalytical protocol Therefore in situ techniques likdaser ablation inductively

coupled plasma mass spectrometry {IGP-MS) have been increasingly used over the l&st 1



yearsto date columbitéantalite mineralde.g., Smith et al.,, 2004; Dewaele et al., 2011,
Gabler et al., 2011; Melleton et al., 2012; Deng et al., 2013; Che et al., 2015; Melcher et al.,
2015; Yan et al., 2016; Zhou et al., 2016; Tang et al., 2017; Van Lichtervelde et al., 2017)
The resultsof these studies indicatthat LA-ICP-MS is an appropriate method to date
columbitetantalite mineralswith less than 5% error on calculatedPB ratios (Che et al.,
2015). Dating of columbitetantalite minerals by Secondalgn Mass SpectrometeSiMYS)
hasnot been reportedp to date althoughthis technique is considered as stafi¢he-art for

in situ U-Pb dating of minerals, withigh spatial resolutiofl5 to 20 um in diameter, several
nm in depth and capability to measure gntherefore correct potential common lead
contributions The major limitation forin situ U-Pb isotopic datingf minerak, both byLA -
ICP-MS or SIMS,is the availability of certified reference materialf identical chemical
composition to avoid matrix effegtsvhich would result ininaccurateU-Pb age Matrix
effects may beparticularly important for columbiteantalite mineralsthat include four
different chemicabnd memberdinked to substitutions betwedine four main elements: Nb
Ta and FeMn. The substitutiorof Nb (93) and Ta (18Q)which have verydifferent atomic
massesmay produce &ignificant matrix effect, whereashe substitution ofMn andFe (55
and 56 respectively)may be less criticalFurthermore, there is a wide range of coupled
substitutions, ioluding Ti, Sn, W, Sc, and REE (e.g., Melcher et al., 20157;2@uller et al.,
2017). Thus, the wide range of chemical compositions @bimbitetantalite minera may
strongly affectthe accuracy and quality oh situ U-Pb dating ifno adequatechemical
standards are availablgtudies based on HDIMS have demonstrated that aoibite-tantalite
may have significant common lead contributiom sulfide and feldspar inclusions and
metamict domainge.g., Romer and Wright, 1992; Romer and Sm#&€86 1997 Miiller et

al., 2017, which could also represerat major drawback fom situ dating if not taken into

account or corrected.



At present,there isno certified reference materiavailable for SIMS and LAICP-MS
analysis that covers thecompositional rangeof columbitetantalite minerals The first
applications of LAICP-MS for dating columbitéantalite used nematrix matched minerals
like zircon or monazitéi.e., Smith et al., 2004elleton et al., 201 During the last years,
ferrocolumbite named Coltan13%as been used for standardizatioin columbitetantalite
mineralsof variable chemical compositieriGabler et al., 2011; Melcher et al., 2015; Che et
al., 2015. Che et al(2015) suggested th#ltere are no significant matrix effecten U-Pb
dating columbitetantalite minerals of different chemical composition udidgICP-MS and
Coltan139Melcher et al. (2015emonstratethatsome samplesnalyzed by both IETIMS
and LA ICP-MS methodsshow inconsistent results

This study haswo objectives (1) Develop columbitéantalite reference material suitable for
in situU-Pbdating. Several columbientalite samples from deposits of contrasting age have
been collected, characterized by SEMd EMPA, and dated by SIMS and-TDMS using
established analytical protocol®) Test the applicability and capability of statethe-art
CAMECA IMS1270 SIMS for the dating of columbite&antalite mineralsWith this in mind,
we determineU-Pb ID-TIMS ages ofnine columbitetantalite mineralsand used these
mienrals as reference materia(i) to characterizematrix effecé based on the chemical
composition of columbitéantalite minerals(ii) to propose g@rocedure taorrectfor matrix

effects,and(iii) to document theffect ofnon-correctedcommon lead contributien

2. Sample location

At the beginning of this study, twentwo samples fsm different locaitons were tested for

chemical and isotopic homogeneity (SEM, EPMad SIMS analyses). The aim was to

provide homogeneousiinimum at mm scaleamplescovering the entireange ofchemical



composition of columbitéantaliteminerals for U-Pb ID-TIMS dating These samples were
selected to represent various locationd geological periodBased orthesescreeningests,
tensamples btheoriginal set otwentytwo sampleswere selected fdd-PbID-TIMS dating

They arepresented below

2.1 CT and ISSIA sampld€b/ory Coas}

Thesecolumbitetantalite sampleswere collectedrom placersin centralwest Ivory Coast
thatare directlyassociated witlthe weathering ofocal granites and pegmatites. Our samples
were takennear the d$sia granite, described as a noriented muscovitelominated

porphyroid peraluminous granwath associated Nfa-Be-Li pegmatites (Allou et al., 2005).

2.2 Rongi and Buranga samp(&wvanda

The Rongi and Buranga samplesiginated fromtwo concentrates ldained by ground
sluicing from pegmatite®f the KaragweAnkole beltof Central Africa.The pegmatitefields

are locatednear Gatumba, 50 km west of Kigali and hosted in dolerit@stails on the
mineralogical assemblagé the pegmatitebave beempresented bjpewaele et al. (2011) and
Melcher et al. (2015)The Rongi and Buranga samples were dated by TIMS at 931.1 + 1.2
Ma (MSWD = 2.0) and 936 = 14 Ma (MSWD = 2.%spectivelyby Melcher et al. (2015)

and Dewaele et al. (2011)'he chemical compositiomf the datedcolumbitetantalite from
Burangaand Rongisample were not given by Dewaele et al. (2Q1i1)is not clearf the
dated samples belong the same colunite-tantalite generationas the one studied here

Although the sampdd pegmatite fields are considered as hosting contemporaneous



pegmatites, the two concentrates could contain coluntdnitilite mineralsfrom pegmatites

having differentages

2.3 NT-2 samplgShanxi Province, China)

NT-2 was sampled from the No.23@gmatite ke from the Dahe pegmatite district. This
pegmatite is located in the eastern section of the Eastern Qinling in Shangnan County, Shanxi
Province, China. This sample has been already dated HZPAS by Che et al. (2015) and
yielded an age 0857 = 5 Ma (scan) and 363 = 4 Ma (spot) (SNNT sample in Che et al.,

2015).

24 A-1 sample(Xinjiang ProvinceChing

This sample wa<ollected near Koktokay irthe Altaidesand wasfound in the most
differentiated intrusions among more th@m thousandoegmatites in the area. Petrographic
details are given in Zhang et al. (2004) and Wang et al. (28t2)columbte-tantalite was
sampled from the sanEegmatitefield assample713-79 of Che et al. (2015)hatyieldedan

age of 218 + 2 May LA-ICP-MS.

2.5 NP2 (Fujian, China

NP2 was sampled from the Nanping No. 31 pegmatite. This pegmatite is located in the
Northern Fujian Provingeabout8 km to the westf the city of Nanping The evolvedNo. 31
pegmatiteshowsNb, Tg and Snmineralization Petrographic details are given in Rao et al.

(2009). LAICP-MS dating yielded a weighted°Pb/*®%U age of 87.1+ 4 Ma(Tang et al.



(2017) The sample of columte-tantalite described ithat publication is slightly richer in

niobium than our sample.

26 CC1716(Epessesrance

The CC1716 samplevas collectedrom theVariscanEpesses granite located in Vendée, not
far from thecities of Chateaumuand Chateliers Several granitic faciesave beemescribed

in the sampling area (Guérangé et al., 19/ all contain disseminated coluitektantalite.

3. Analytical techniques

The original twentytwo columbitetantalite samples werecharacterized by several steps
starting with optical and electron microscgp followed by chemical and isotopic
characterization bfeMPA and SIMS Samples that arehemically reterogerous orhave
fine-dispersedinclusions (e.g, feldspar) were eliminated from the sample setSamples

potentiallysuitedas reference material eventually wek¢bdatedby ID-TIMS.

3.1 Petrographic observations by optical and electron microscopies

Petrographic images were obtained from observations of polished sections using reflected
light microscopy and a HITACHI FEG S4800 scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer (EDS), using a Si(Li) semiconductor deS&dib
observations were done at SCMEM (Service Commun de Microscopies Electroniques et de

Microanalyses) of GeoRessourcesdediory(Vandoeuvrdes-Nancy, France).



3.2EMPA

Electron microprobe analyses (EMPwegre performed onolumbitetantalitesampésfor Ti,

Mn, Fe, Nb, Sn, Zr, Ta, W, Pb, Th, U using a CAMECA SX100 instrument equipped with
wavelength dispersive spectromst@/DS) and calibrated using natural and synthetic oxides
(MnTiO3, FeOs, LINbOs, cassiterite, zircon, LiTaf) scheelite,galena, ThQ UO,). The
analytical conditions were: current of 20 nA and accelerating voltage of 20 kV (20kV and
100nA for Pb, Yand Th) and a counting time of 10 s per element. Total Fe is presented as
FeO.Tungsten Pb, Th and U weresystematicallybelow the limit of detection(1 wt.%, 0.5

wt.%, 0.5 wt.% and 0.2 wt.% respectivebndarenot shown inthe EMPA resultgTable 1,

Appendix A)

3.3SIMS

Two types of SIMS experiments were ram the CRPGCNRS (Centre de Recherches
Pétrographiques &éochimiques, Vandoeuwtés-Nancy, Francelising a Cameca IMIR270
ion microprobe i.e., (i) a screening experimerd identify material that isspatially
isotopicallyhomogenous at the spot size of SIMS analfsid pum) to select samples for the
U-PbID-TIMS analysis and (ii) U-Pb dating of columbitéantalite minerals using reference
materials of known IBTIMS age The analytical conditions for thecreening experiment
(step 1)is asimplified version of the setupgppliedfor U-Pb datingstep 2), with is based on

a method proposed by Deloule et al.G2Dand adapted from the initial protocol developed
by Compston et al. (1984) for theRb and PH°b datings of zircons by SIMS.

The O primary ion beam was accelerated at 13 kV, with an intensiB0afA. The aperture

illumination beam mode (Kohler illumination) was used with a 200 um aperturd sxid



um® spot size. Positive secondary ions were extracted by a 10 kV potential and the
spectrometer slits set for MRP of 13000 to separate isobaric interferencesher’*Pb
isotope. The field aperture was set t00® um, and the transfer optic magnification adjusted

to 80. Rectangular lenses were activated in the secondary ion optics to improve the
transmission ahigh mass resolution (de Chambost et al., 1996). The energy window was
opened at 30 e\and its low energy side was positioned at 5 eV befoeemaximum value

for the ion countingIn the ion-counting mode, a single collectarodewas used, and the
spectum was scannethy peak jumpingusing the axial Faraday cup (F@hd the axial
electron multiplier (EM).

(i) The objective of the screening experiment was to spatially randomly measuttee
surface of the selected crystdlse counts for*Pb, ?°%Pb, 2°Pb, 2®Pb, and ?**U and the
related **PbF?%U, 2°Pb*°U, and *°Pbf°®b ratios to determine if the number of counts
and/or the isotopic ratios vary at the spatial scale of the tested minerals (several mms). This
simple screening did not involve caliticm against a standard. The only purpose of this
screening was to assure that the sample was isotopically homogetrsaijghus, suitable as
reference materiak-before taking the effort to determine itsPb age by IBTIMS. The

results from these pretinary tests are not included in this study.

(i) Each analysi$or U-Pb dating(step 2)consiss of 10 successive cycles. Each cycle starts
with the measurement of the Faraday cup backgrounda®s195.8 (measurement time: 4s)
andthe reference mas&'TaO (4s FO), the electron multiplier backgroumsh mass 203.5 (4s

EM), *Nb,O (4s FO), and the sequenc®@Pb (8s),>Pb (4s),*°Pb (4s),2%Pb (12s)2*U
(6s),%%2ThO (8s),2®U0 (8s) and*®U0, (3s)on the EM Potential contribution of Hg off*Pb

was checked prior measurement by monitoring the mass 202. The counts on 202 were below
the background value indicatiradpsencef Hg. The background values duringroanalytical

sessions were 0.08s and 13,000 cps for EM and FC respectively’>®/?®U ratio of



137.88 was used to calculate tHéPb7*°U ratios based on the measuré®bF*®U and
2P %D ratios.

Betweenthe measurements of two massaswvaiting time of 1 or 2 svasused Mass and
energy calibrations were checked before eaelasurement, after a 2 min gmputtering on a
20x20um? raster to clean the surface from coating and contamindtittial data treatment,
standardization against selected reference materials, calculations of /Pband Pb/Pb
ratios and related ageand calculation of errors were done using CAMECA SIMS data
processing softwar@nd anin-house Excel spreadsheet at CRPG and used for all peer
reviewed publications based onrRb SIMS analyses of zircon, monazibe uranium oxides
since more than 2%ears. The intensities measured for the selected isotopedirathy
background substracted and corrected from dead time of the?Emb,?°%Pb, 2°’Pb, 2°Pb,
238, B2ThO, 20 and®*®U0,) before calculation of th&)/Pb, Th/Pb and Pb/Pb ratios and
related errorsising theCAMECA SIMS data processing softwakaror calculation and error
propagation assessment are based on the equgiiersby Compston et al. (1984) and
Fayek et al. (2000)Instrumental fractionation on Pb isotopsscorrectedbasedon the
comparison between tH&’Pb/°%Pb ratios measured by SIMS and-TIMS for a columbite
tantalite reference matersadlevoided of common leadb/U calibration was done based on
the linear relationship betweéf?U®0/2% and ?%Pbf*™U ratios for the different samples
tested (Compston et al., 1984). Uncertainties fotJPdnd Pb/Pb ratios and related ages are
reported at the 1 O H(Xpihénhdix B). Concordiaages and MSWD arealculated using
ISOPLOT (Ludwig, 2007) Common Pb correctiorare systematically applied anohsed on
the measured®Pb @ntent(corrected from background and dead time of the EM detector)
and onthe Pb isotope composition calculated fr@tacey and Kramers (1973pr the ID-

TIMS age of columbitdantalite crystallizationSucha procedure allow for subtracting the



common lead contributions to *°Pb and ?®Pb ang therefore calculating corrected

2P 2% b, 2°%PbU, and*®’Pbf**U ages (see Appendix B).

34 ID-TIMS

The U and Pb concentrations and the-Rb isotopic ratios of columhbte-tantalite were
analysed at GFZ German Research Centre for Geosciences (Potgsiagn)he analytical
procedure described in Romer #iohedg199%). Samples were crushed and picked under the
binocular microscopeSmall fragments were preferréal minimizethe risk ofmantledU-rich
nanainclusionsand to increase the chance to selectively dissolve metamict sections, fractures
filled with quartz or feldspar, and sulphide inclusioA grains werdeached i20% HF(20

min), 6N HCI (30 min) 7N HNG; (15 min) at70 °Cand then rinsed iH,O and acetontor a

few minutesAll grains were then inspected under the binocular microscope to select the best
grains.Treated columbitéantalite minerals show a metallic luster. Incomplete dissolution of
metamct domains typically resulted in a rusty stain. These grains were reni@redhe
sample A 2®Pb***U tracer wasaddedbefore dissolving graingnassbetween @ mg and 0.5

mg) in 40% HF on a hot plate overnightead and U were separated by ion exchange
chemistry (Romer et al., 2003)eadand Uwereloaded on singl&e-filaments with HPOy

and silica gel. Isotopic ratios of Pb and U were analysed on a Triton thermal ionization mass
spectrometer (TIMS) usingtatic muti-collection usingFaradaycupsor an ion countefor

20%pp, Data reductionincluding 0.1 % / AMUmass fractionation, U and Pb blanks, and tracer
contributions,was performedas described inSchmid et al. (2003)The Th contents were
calculated using the contents, the age of the sam@lrd**®Ph.¢d**Ph.s Data argresented

LQ 7DEOH 8QOFHUWDLQWLHY DUH JLYHQ DW WKH 1 OHYHC

(Ludwig 1993).



4. Results

4.1 Optical microscopy an8SE imaging

Investigation of chips othe differentselected samples using reflected light (pogsented
here) BSE imaging and qualitative energy dispersive spectrometry show that the selected
materialsare commonly homogeneousit the millimeterscaleand generallyalmost free of
inclusions(down tothe scaleof tens of nm) Inclusions at the micrometer scale were observed
very sporadically in CTUSSIA2, Rongj and CC1716Most inclusiongmainly feldspar and
guartz)are located in fracture8/ost detectd inclusions are located in fractures and can be
easily avoided (by selective dissolution for the TIMS measurements or by the spatial
resolution of the SIMSneasuremenfsNo Ta-Nb zoning was observeaxcept forsample

CC1716.

4.2 EMPA geochemistry

Onthe 10 columbitgantalite samples with homogeneous BSEtal of 232EMPA analyses
were performed (Table 1, Appendix ,Ajcluding transects for each samplée resultsare
plotted in thereferencecolumbte-tantalite diagram Kig. 1). All samplesare chemicaly
homogeneusat thedifferentscalestested im to nm).

Four groups can be distinguished according to the chemical composition. Grapdes
samplesCT1, CT3 and CT4andshows compositions within the ferrotapiolite field with Ta#

(Ta/(Nb+Ta)) between 0.90 and 0.95 and Mn# (Mn/(Fe+Mn)) between 0.04 and 0.07.



Group Ilincludes sampleBlP2 and N¥F2. This groupshows intermediate compositionsear

the miscibility gap (Figl). NP2yields Ta# between 0.50 and 0.53 and Mn# between 0.35 and
0.4Q0, whereasNT-2 has Ta# between 0.48 and 0.50 and Mn# between 0.37 and 0.39. One
analysis of NP2 shows a higher Mn# of O(Eg). 1).

Group Il samplesISSIA2 and Al) plot in the manganotantalite field. ISSIA2 composition
falls nearthe miscibility gap, with Ta# between 0.73 and 0.86 and Mn # between 0.57 and
0.63 whereasA-1 hashigher Mn content (Mn# between 0.81 and 0.84) and lower Ta centent
(Ta# between 0.69 and 0)71

Group IV samples Rongi, Buranga and CC171p plot in the ferrocolumbite field. Rongi
samples are grouped Ta# between 0.16 and 0.18 and Mn # between 0.28 and 0.34. Buranga
samples displaynoderate Mncontens with Mn# between 0.46 and 0.4&hereasCC1716

sampleshow low Ta with Ta# between 0.06 and 0.11.

4.3 U-Pb ID-TIMS dating

Columbitetantalite minerals commonly have a broad range of U contents thareaely
several thousand ppm anwhy substitute for Fe and Mn into the crystal laittoe for high U
conents may form phases of its ow(e.g, uraninite; cf. Romer et al., 199@jurthermore,
columbitetantalite mineralsypically have very low common Pb conteliéxcept if inclusion

of Pbrich phases)as Pb is tolarge to substitute readily into the crystal lattice, and generally
very low Th contentsThe high U/Plratiosresult with time in highly radiogenic Pb isotopic
compositions that allow for accurate and preciselJdating (e.g., Romer and Wright, 1992;
Romer and Smeds, 189 1996). Hgh U contents of some columbitentalite minerals,
however,areproblematic for older samples that become increasingly metantiath allows

for loss of radiogenic Pb and introduction mbstly common PbIf U is heterogeneously



distributed, some parts of the gramay becomemetamict andvhereasother parts are still

intact (cf. Romer and Smeds, 1996; Romer, 2003¢lective dissolution of the metamict
domains eventually results in concordantTIMS U-Pb data. Selective dissolution also
removes inclusions of sulfides or quafetdspar fracture filling that may host significant
amounts of common Pb (cf. Romer and Smeds, 1996; Romer, 2003). Incomplete dissolution
of metamict domains or crystallization sécondary minerals in the metamict zanay
partition U and Pland result in variably reverse and normal discordant(@a@Romer et al.,

2007) For LA-ICP-MS and SIMS dating, such a selectivemoval of inclusions and
metamict segments is nperformed Instead, enhanced common Pb contéb&sed on the
monitoring of?*Pb or?*Pb and of*PbF*Pb or*®*Pb*Pb ratios)may be used as exclusion

criteria asbothinclusionsandvariably metamict zones hatgh common Pb.

4.3.1 CT1 (Ilvory Coast)

In a?%PbA%U vs. *PbF*U diagram, all databtained from fragmentsf CT1 ferrotapiolite
are concordanor very closeto the concordia Fig. 2a). Two fragmentsonly are displeed
along the discordiafifagmentsl and 7).Six fragmentsyield an 2°’Pbf°Pb age of 2046.8 +
1.1Ma 1 06:'

Thedifferent fragmentfiave homogeneous U contents of 199 +d@#n (2 1 and Pb contents
with an average of2 £+ 5,4S SP , dxcluding fragment 4or Ph Fragment4 has a much
higher Pb conten314 ppn) anda lower measuret?®Pb?*Pb ratiodue to common leathat
is likely to be bound to an inclusion. Basured®Pb/*Pb ratiosof the remaining samples
rangefrom 1100 to 47700 implying thatleaching did not completelyemoveinclusions
hostingcommonleadin all fragments The 2°’Pb7°°Pb ratios are homogeneous at 0.126

0.002(2 1



4.3.2 CT3 (Ilvory Coast)

In a?°PbF®U vs.?*PbF*U diagram, all data from the CT3 ferrotapiolite are concordant or
very closeto the concordiaKig. 2b). Onefragmentis discordan{fragment9) and plots above
the concordiaSix fragmentsyield a2 Pb**Pb DJH RI| “ oD 1 06:"
Theleachedragmentshaverelativelyhomogeneous U (294 to 321 ppandPb (107 to 118
ppm) contents Pb showng variable but low contributions of common lead (0.08 to 2.40
ppm), which explairs the large range d®PbF°*Pb ratios (2770 to 83700The *°’Pb*Pb

ratiosare homogeneous at 0.127.0002 (2L

4.3.3 CT4 (Ilvory Coast)

In a?*®PbF3U vs. ®’Pb*U diagram, all datgexceptfragment14) from ferrotapioliteCT4

are subconcordant(Fig. 2c). Five fragmens vielda **Pb®*®®Pb DJH R “ 0D
MSWD = 1.6).

The fragmentshave homogeneous U (169 to 181 p@am)iPb contents (62 to 68 ppm) with
variable calculatedcontentsof common lead (0.3 to 4.2 ppm). The large range of common
lead accounts for the range f{%PbF°*Pb ratios (910 to 11100). All fragmerase clustered
except forfragmentl4 thatshows elevated common lead (4.2 ppifje *°’PbF°Pb ratios are

homogeneous &.126 1

4.3.4 ISSIA2 (lvory Coast)



The fragmentshave highly variable U and Pb contents (172 to 990 ppm and 10 to 469 ppm
respectively) Measured®®Pb/*Pbratios areelatively low; (141 to 1290)largely due tdhe

high calculated common Pb content that range from 2 to 17 ppm

In a?*PbF®U vs 2 PbFU diagram, twofragments(57 and 59)are sukconcordantand
threefragments(samples 56, 58 and 6@)e strongly discordanclose to the origirof the
diagram(Fig. 2d). Together, these samples define a scattered Discordia (MSWD = 502) that
LQWHUVHFWY DW “ 0D 1 7KH KLJK DQG YDULDEOH 8
tantalite fragmentstrongly indicate that #se2 Ga old mineralarevariably metamict, which

is in line with the high common Pb content and the excess scatter of the Discordia (e.g.,
Romer, 2003; Mduller et al., 2017), but alfee poor metallic aspect of grains afthe
leaching procedureMetamictization allows lead to migrateithin the damagedzones

accounting fothe very hignMSWD andpossibly also the slightly lowanterceptage

4.3.5 Rongi (Rwanda)

In a °PbFU vs. °PbFU diagram, thefragments from theRongi ferrocolumbite are

concordani(Fig. 3a), discordant (fragment 19), or are dominated by common ragnients

20, 22, and 25. Thefour subconcordanfragmentsyield adiscordiaage of 931.5 + 2.5 Ma
1 forced through the origin of the diagramith a very low MSWD of 0.82.

The fragmens have low and variable U and Pb contents of 60 to 100 ppm.2a&do8.4.8

ppm, respectively.Samples with very low*®Pb/*Pb values have considerably higher Pb

contents (up to 236 ppm), which possibly reflestdphide micreinclusions that were

shielded during leaching and remained in the sample.

4.3.6 Buranga (Rwanda)



In a?PbFU vs. 2PbA*U diagram, fourfragmentsfrom the Buranga ferrocolumbite are
concordantand onesampleis discor@nt (41; Fig. 3b). The fourfragmentsyield an age of
“ OD 1 06:'

The fragmentshave rather homogeneous U and Pb contents of 74 to 84epmiading one
fragment rich in common lead having 163 ppmadyl 10 to 12pm (excluding one fragment
rich in common lead having 76.5 ppm P3spectivelywith a variablecalculatedcommon
lead contribution from 0.1 t8.7 ppm(one fragmenis rich in common lead with6 ppm
common Ph)Overall, the common lead contribution is lower than in other samples of this
study. Twofragmentgfragments36 and 38)however, have higpommon lead contributions,
but alsohigher contents in Uwhich indicates that the high common Pb may not beegckliat
micro-inclusions but insteadmay reflect common Pb that became incorporated in metamict

domains Fragments886 and 38 were natsedin age calculations.

4.3.7 NTF2 (Shanxj Ching

In a ?PbF*U vs. P diagram, sixfragmens from the NT2 ferrotantalitestraddle

along the concordia and fall on a comnuiscordiathat does not yield a clear intercept with

the concordia. The most robust agehe®’Ph?*®3E DJH RI “ oD 1 06:"
2.1), omitting fragment 48 that has a slightly old¥Pb?*Pbage(Fig. 3c).

The fragmentshave variable U contents from 142 to 218 ppm and low Pb content from 9 to

13 ppm except for one fragment (4@)at hasa high commonPb content andthereforea

low 2°Pb/%Pb value. Calculated common Pb content of fragment (46) is 28 ppm, the other

fragments have 0.7 to 1.8 pmmommonPh



4.3.8 A1 (Xinjiang, Ching

In a?*®PbFU vs. ?Pb/**U diagram threefragmens of manganotantalite A (49, 50, 55)
JLYH D FRQFRUGDQW DJH RI ‘. Additidnal faurfr@gnenty51,

52, 53, and 54are reverdg discordant and fall together with the concordant samples on a
discorda throughthe originof the diagran(Fig. 3d). The reverse discordance seems to be an
artefact from leaching.

The fragmentshave variable contents in U (42 to 515 ppm) and Pb (3 to 18 ppm) with
variable but not excessive contribution of common lead (0.5 to 2.5 ppm)yeT& no
correlation between U conten{sf the leached fragmentgnd reverse discordee The
variade and in part high U contents may indicate that the untreated colutabitdite may
have had even higher U contents, possibly resulting in local notizetion. The small
variation in calculated’h/U (0.0072 £ 0.0014; 2 suggests that the high U contents were not

related to uraninite inclusions, but were hosted in the crystal lattice.

4.3.9 NP2 (Fujian, China)

In a °PbP%U vs. ©PbFU diagram, fourfragmens from the NP2 ferrotantalite are
concora@nt (27, 28, 33, 34and twofragmentsare discordnt(sampls 31 and 30). dgether,
thesesix fragmentsdefine adiscordiathat passes throughe originof the diagram anglields

D GLVFRUGLD DJH RI “ ; §iD. 3e).JAddit®nal two samples with
markedly deviating apparef’Pb/°®Pb ages do not fallthe discordia.

Thefragmens have variable U contents from 136 to 322 ppeadcontens areless variable

and low from 12 to 16 ppm witlow calculateccommon lead contributior(®.5to 1.5ppm).



4.3.10 CC1716 (France)

In a 2°PbFU vs. 2°PbAU diagram, allfragmentsof ferrocolumbite CC1716 define a
discordiathat passes througthe origin of the diagram(Fig. 3f). One sample is strongly
reverse discordar{(61). The discordia yieldsan upper intercept ager | “ oD
MSWD = 1.2).

Ferrocolumbite CC1716 is unusuabmpared to the other samplbecause of itsighly
variableand in part extremely high (10 to 54500 ppm) and Pb (24 to 2500 ppm) contents.
Most of the Pb is radiogenic, as calculatsinmonPb rangedrom 0.1 to 26 ppm. Tk
sample showketerogeneous rimM®BSE). The extremely high U contentseasired for some
fragmentsmay be bound taraninitenane to microinclusionsthat have not beewobserved

on the thin sections durirgy SEManalyses

4.4U-Pbisotopicdatingby SIMSandrelatedcalibrationissues

4.4.1U-Th-Pb raw measurements

A total of two hundred and fouanalyses h& been performed by SIMS amne samples
previously dated by IEXIMS (excluding ISSIA2 sampleTable 3. All analyses were
performed during the same analytica#ssion. For the overall sessite background was
measuredat 0.03 cps (EM, mass 203.5)For all samplesand all measured points’®Pb
(represennhg common leadwas measurewvith the EM above detection limit with values
between0.3 and 51 cps 2°Pb from 1052 to 45148ps *°’Pb betweer86.65 and 945@ps,
2%ph from 9.58 and22825 cps and ***U between 41.75 and 321€ps The calculated

sensitivity for Pb and U are from 4.2 to 105 cps/ppm/nA (based®®b) and from0.02 to



0.44 cpdppm/nA respectively. The sensitivity tependent on the chemical composition of
the columbitetantalite minerals, with a sensitivity for Pb fral2.5to 24.1 cps/ppm/nAfor
ferrotapiolite and from43.3 to 105 cps/ppm/nAfor ferrocolumbitefor example and a
sensitivity for U from0.14 to 0.39 cps/ppm/nA for ferrotapiolite and fror.09 to 0.44
cps/ppm/nAfor ferrocolumbitefor example

The initial heterogesous distribution of U within the columbHantalite crystals results in
the variablecps measured for thé*U and radiogenic lead isotopes for a given sample
(Appendix B. The measured®Pb/®U ratio may vary within samples (Appendix B) that
have overall little radiogenic Pb due to moderate additions of common i, nastamict
domaing(NP2, NT-2, and A-1). Extremeandoutlier values (mainly corresponding to analyses
presenting errors or isotopic ratios differing by more than 2 sigma from the mean calculated
for all the data of the considered sampgiaje been removedrom thecalculation(3 values
for CT1, 6values for CT3, 1 value for CT4, 1@lues for Burangdl values for CC171@nd

3 values for NT2; see Appendix B The anitted analysesalso commonlyhave higher Th
contents but also highr ?*Pb and?*®b countsthan in normal zoneand correspond to
metamict zones or nano inclusiors total, 24 measurementd 204 analyseshave been
removed during calculation due to the previously exposed reasons. These cdawaria
italic in Appendix B.

Ferrotapiolite and ferrocolumbite samples have f#Pb contentsexceptfor the Buranga
sample which displays a largerariability for four measurementf thirty-five). The Rongi
samplesalso have higher 2°Pb content(coupled tohigher ?**Pb) reflecing the presence of
common Phasalso inferred from the Pb isotopic composition of lBeTIMS data(data in
italic in Appendix B. Ferrotantalite and manganotantalite samples display much ragder
more variablecontens of commonPh These variation$b content may reflect metamict

domains



The **PbF/Pb ratios are between 6711 and 219780 for ferrotapiolite samples, betwéen 100
and @493for ferrocolumbite and between 185 ar8B4 for ferrotantalite. Only onef five
manganocolumbiteanalyges shove low common lead contribution (sample-1), with a
2%pPp2Pb ratio of 1029This samplés the only one of this compositiothereforeno SIMS

ages could be obtained for this sample due to the lack of another sampiats-aatched
standard The *®Pbf%*Pb ratios are variable withimdividual sample.The variation of the
20%ppf%%Pp ratioswithin anindividual sample is linked to the content of common lead to

the initial heterogeneous distribution of uranjumhereas the variation amordifferent
samplesin addition reflecs age difference. The values and variations of tR&Pb7*Pb

ratios measured by SIMS for the different samples are comparable to those measured by ID

TIMS on different fragments of each sample.

4.4.2 Matrix effecs

The UPb dating of mineral by SIMS requires correction for differeninstrumental
fractionation factordor U and Pb thabhawe different energy distributions and ionization
potentials Hinton, 1990) which affects the measured U/Pb ratiwderelement fractionation
betweenU and Pbfor an unknown samplef a considered mineral (zircon, monazite,
xenotime, titanite, uraninite or rutile for exampéan be corrected by plotting and comparing
the 2°Pb/*®%U against UO/U of both sanmhnd reference material die same matrixi(e.

Zhu et al., 1998Deloule et al., 2002; Valli et al., 2008esbrosPiatDesvial et al., 2017

This relation was first established by the Local Thermodynamic Equilibrium (LTE) Model of
Andersen and Hinthoen(1973) which provides elemental concentration estimateshiaaal

range of materials. This model predicted the covariation of th&JPand UG/U" ratios as



long as the sample has a constant Pb/U (Hinthorne et al., I83t8pston et al.(1984)later
proposedhe correlation to be line&or the SIMS analysis of zircons

The comparison of theaw UO/U and *°PbF*®U ratios obtained for thaine columbite
tantalitesamplesdemonstrateshat groupsof differentchemical compositioriFig. 1) define
separatdinear relations Fig. 4a). The correlations betweeraw UO/U andraw 2°*Pb/3%U
ratiosalsodepend a the age of the sam@gTable 3. To account foithe effect ofcontrasting
crystallization agethe raw UO/O SIMS ratio is compared to thaw 2°Pb/”®%U SIMS ratio
divided by the ?°Pb”%U ID-TIMS ratio (noted as 2°PbFPUsms / PbFUip1ivs
thereaftey. The relationbetween thge two ratios for the different tested sampledimear
(Fig. 4b) andcan be expressed:as

20Pp A gms / 22PbF%U p.1ims = 8.0355 (UO/U)+98.364(R2 = 0.97) (1)

The UO/U values for the different minesalre correlated but adfferent, being around 16
20 for the ferrotapiolites to around 200 for the ferrocolumbitesTherdore, the variationan
UO/U depend orthe chemical composition of columbitantalite

The 2°Pb/®Ugs I PPbF*Up.rivs ratios show a direct linearanti-correlation with the
Ta/(Nb+Ta) ratio &lso referrecsTa#; Fig. 53). The anticorrelation is the following:
20Pp P Ugms ! °PbFUprivs = -169.63 (Ta#) +206.28 (R2 = 006 (2)

There is o correlation betweefP®PbF**Ugs / 2°Pb/*®Up.1ims and Mn/(Mn+Fe) Mn#; Fig.
5b). The anti-correlation betweef"Pb/**Uss / 2°PbP*®Up.1ws and Ta# demonstrat¢hat
SIMS analyse®f columbitetantalite mineralsare affected by major matrix effects and that
these effects ammainly relatedto the NbTa exchange in columbite&antalite group minerals
Columbitetantalite and ferrotapiolitdall on the same trend, which indicates that the
contrasting crystal structure of these minerals does not seem to have a significant effect on

instrumental fractionation.



Figure® illustrates he analyticabiasgenerated byhesematrix effects Figure 6a showshe
20pp Y, 2PbU and *’PbFPb ages foferrotapiolite CT3 calibrated with the matrix
matched ferrotapiolite CT1. In that casethe data are suboncordant to concordarand the
calculatedSIMS ?°Pb/%U (2064 + 60D ) and°Pb/°®Pb (2055 + 30D ) Ages are
within uncertaintiegdentical with the ID-TIMS ages (2059 Ma and 2053 Maespectively,
Table 2) If ferrotapioliteCT3 is calibrated with ferrocolumbitRongi (Fig. 6b), whichhas a
different chemical compositiothe data are discordamindthere is a significantatrix effect
on the calculated apparerif®Pb®U age(1762 +9 0D ),1and’°’PbF*U age (1888 + 6
0D .Thecalculated®Pb/*®Pbage 2029 + 30 D ) for nonmatrix-matched conditions
is slightly lower thanthe ?°’Pb/°%b ID-TIMS (Fig. 6c). The matrix effect, and thus the
deviation of SIMS?*Pb/”%U and *°’PbF*U agescompared to the IETIMS ?°Pbf**U and
2PpfY ages, increases linearly with thdifference for the Tathetween the reference
material and the columbHmntalite crystal to dateas exemplified with the tests done on

sampleCC1716 (Fig6d).

4.43 Ferrotapiolite dating results (CT1, CT3, CT4)

A total of aghty-sevenanalyses were performed thre threesampls. The results are listed in
Appendix B and the age calculation diagrams are showrfFig. 7. Three samples of
ferrotapiolite were measured: CT1, CTéhd CT4.Sample CT1 was used as an external
standard to measure CT3 and CT4bland?°’Pb/*Pbisotopic ratiosThirty-eight (out of
forty-one) analyses of CT1 were used as standard values. Three measurements were discarded
due toabnormallylow counts on thé°Pb,?°’Ph and®**U isotopesRatios have been plotted

in concordia diagrams arakfinetwo discordia with concordant andub-concordantiata



Thirty measurement®ut of thirty-six) on CT3 sample define a discordia wihinterceptat

2054.1 £+ 2.2Ma (21 06:"' The measurementare concordant except for three
spotsthat are slightlydiscorcant The interceptage is consistent with the {DIMS age of
2053.2 £ 1.3 MaSix data have been discarded for calculation. These measurements have
high Th, lov Pb and/or high Ni© contents, possibly reflecting the presence of micro
inclusions Nine of tenmeasurementsom sampleCT4 fall on a discordiahatintercepts the
concordia at 204R + 40 21 06:"' 2QH P H DX ohHireHQNdbrdia
whereaghe nine others are sutoncordantand plotabove the concordia. This age matches
the ID-TIMS measurements that yielded an age of 2044.5 + 1.60via.measurement was

not included irthe calculation due to anomalous thorium content (ten times more counts).

4.44 Ferrocolumbite dating resul(Rongi, Buranga, CC1716)

A total of sixtysevenanalyses were performed tmreeferrocolumbitesample from Rongi,
Buranga, and CC171@heresults are listed in Appendix, Bnd the age calculation diagrams
are shownn Fig. 7. TheBurangasample was used as an external standard to calibrate and
calculate the isotopic ratios samplesRongi and CC1716Twenty-five (out of thirty-five)
measurments have been used for standardization. dimé&ted measurements have high
common Pb, high®Pb and/or anomaloif8Pb and®’Pb contentsBoth Rongi and CC1716
samples yield concordia ages.

Severeen measuremenvdf sampleRongiyield an age of W0 +50 Ma (21 06"’
0.93). Fouteenmeasuremento(t of fifteen) of sampleCC1716yield an age of 386 + 26
Ma (21 06:' 1.5. All data aresubconcordantOne measuremeritom CC1716was
discarded because afs different Ta# indicating thatthis last spot was placed on the

heterogeneous rim of the crystal



4.45 Ferrotantalite dating resul(slP2, NT-2)

A total of forty-five analyses were performed tmo ferrotantalitesamples: NP2 and NT2.

The results are listed in Appendix &1d the agelataare shownn Fig. 7. NP2 was used as

external standard to calculate the -RiTisotopic ratios.No data was discarded from the
twenty-four measurements made on the NP2 standard saBmqtle.sample haverelatively

high common lead contents ahéyhly variable Pb ratioslue to common Pb and sample
heterogeneity No inclusions werevisible by reflected lightor SEM (see discussion for

details)

Eighteenout of twentyone measurements afampleNT-2 are subconcordant and yield a

mean ?°Pbf*®U ageof 371.3+ 3.7Ma (21 7KLV DJH LV LQ DFFMSUGDQFH
measurements (372.0 £ 2.3 Mahree measurements were discarded due to high common Pb

or different Ta#indicating heterogeneity.

5. Discussion

5.1 Disturbances and effect on the relevaméethe isotopic dating of columbHantalite

minerals

Ten mineralswere selectedo be datedby ID-TIMS. Nine of them yield well-constrained
ages, whereasampleISSIA2 shows significant excess scatind yields an age that is
youngerthan the age obther columbite samples from the same locati@T{, CT3, CT4;
Fig. 2). A possible explanation for this contrasting behavior is that this sampteoiggly

metamict Selective dissolution of columb#antalite minerals may remove metamict



domains and rest in concordant data (e.g., Lindroos et al., 1996; Romer and Smeds, 1996).
This procedure, howevgis not applicable for samples to be dated by SIMS. Ttmese are

two questionsof interest forin situ age determination: (i) does naeal behaviorduring
leaching affect the age obtained by {DIMS and (ii) will the metamict nature of some
domainsaffectin situdating?

(i) Preferential removal of U or Rhuringthe selective dissolution of metamict domaingm

an initially undisturbed sample wiltesult in discordant data. A discordia defined through
these data will pass through the origin of the concordia diagram and yield the same age as the
undisturbed sample. Scatter about the concordia typically is small. In cpatssshple that
had shown pensystem behavior or mineral internal redistribution of U and Pb (for instance
during later recrystallizatior)efore selective dissolutiomill show a norzero lower intercept
age, excess scatter, and an incorrect upper intercept age, as samfple KR®malous
leaching behavioalso may be observed famninerak thatexperienced redistribution of U

and Pb at a scale considerably smaller than the size of the fragments usétbidaidg (see

also Romer, 2003).

(i) Alpharecoil has two effects: inakes the thosting mineral locally metamicand it
displaces the daughter isotopeBsmetamict domains, U d@nPb are mobile and may become
redistributed ona small scale As long as the transport distance is much snétian the
sample size, the systeappears as a closed systdnterconnected metamict domains may
allow for themigration of U and Pb over longer distancékereby, Pb and/or U may be lost
from the mineralMetamict domains are also prone to additionsaterialasinstance Ca or
commonPb (cf. Geisler et al., 2001, 2002; Romer, 2008us, metamict sections may have
enhanced®*Pb contentsAs samples used for SIMS dating are not treated by selective
dissolution SIMS data may show highé’*Pb contributions than HIIMS data from

corresponthg sampleghat had been leachel. minerals with heterogeneous U distribution,



-coil eventually results in a Pb excess in those stra have low U conteranda Pb
deficit in domains with high U conterftf. Romer, 2003). Columbi&antdite mineralswith
uraninite inclusions could have such local excess of radiogenic Pb and may gieltd to
2%ppf3Y ages for SIMS analysis in comparison with bulkTIMS ages.Sucha situation
may apply to sampleCC1716that has very variable average U contents in columbite
fragments, some of them even higher thant. % U (Table 3. Samples with heterogeneous

U distribution, however,ra not suitabléo be used as reference material fePkJdating.

5.2 Matrix effectdinked to Nb/Ta composition, identification by SIMS and correction

Our resultsdemonstrate major matrix effectsr U-Pb SIMS dating of columbitetantalite
minerals (Fig.4, 5 and 6). These matrix effectsorrelate withthe Ta/(Nb+Ta) ratio of the
columbitetantalite mineralswhereashe Mn{Fet+Mn) ratio deesnot significantlyaffect the
determination ofU/Pb isotog ratios by SIMS (Fig. 5 and 6). The measured matrix effects
reflectthe difference in @mic masdetween the substituting elements Nb (93) and Ta (180).
Such a large difference des not exist for Mn and Fe(atomic masss of 55 and 56,
respectively)lt this therefore essential tteterminethe chemical composition of columbite
tantalite mineralvy EMPA before SIMSdatingto use the appropriate reference material
Based on the linear calibration established betweenof @lumbite-tantalite mineralsand
the matrix effeci{Fig. Fig. 4b and 5)the Pb/U ages of a undatecblumbitetantalitecanbe
estimateceven if there is no reference matenmath an equivalent Tag&vailable by usingtwo
reference materialef contrastingchemical compositionto bracketthe composition othe
unknownsampleand by measuring th&a# of the undated sampl&he linear correlation

betweert’Pb/8Usus?’Pb’*%Up.1ms and Ta# for the reference materials and the undated



sample and the measurement of {f@b/**Ug s for reference materialnd undated sample
permitsindeedto estimateto *°Pbf**U,p.1ius of the undated samplend thus it®PbF%U

age (see exmple in Supplementary material) AA similar calculation can be done for

2PpPy age.

5.3 Reliability of columbitetantalite mineralU-Pbdating by SIMS

Our results demonstrate that SIMS is astrumentsuited forin situ U-Pb daing of
columbitetantalite minerals. The tested columkigmtalites mineralgypically have U and Pb
concentrations between 40 and 1000 ppm and between 8 to 470rggpactively.The
calculatedsensitivites basedon the appliedSIMS analytical setups between @2 and0.4
cpdppm/nA for U and between4.2 and 105 cpdppm/nA for Pb (based on?*Pb). The
precision obtained by SIMS for tH8Pb/**U and**’Pb/**U agesmay be as good #&6 %
andl1.2 %for samples without common RBppendix B) for a primary beam energy @0

nA and with an analysed zone of a diameter comprised between 15 to 20 um andd depth
few nanometersThe ?°’Pb/*?U ratios are far more sensitive to the presence of common lead
thanthe?*PbF*™U ratios, resulting in the lower precision calculated for’f#eb7**U ages.

The accuracyf SIMS age datdirectly depend onthe match ofthe chemical composition of
reference and sampl@aterials The best accuracy will be obtaingdeference material and
unknownhave the samBlb/Tachemical composition arglmilar age. Based on the dating of
CT3 using CTlasthe reference Fig. 7), thedeviation between IETIMS and?°Pb/*®U age
SIMS agesmay beless thar2%. The deviation between SIMS and-IDMS ages is > 2% for
Rongi (Table 3) and is explained by the fact t881S and IDTIMS dating was done on
different crystals from @rocessed mineraoncentrateExcluding anyanalytical problem,ti

is possiblethat these two crystals come from two different pegmatites with different ages (931



Ma for the IDTIMS fragment and 905 Ma for SIMS fragmentheseagesagree with those
of variouspegmatitesn the aregMelcher et al.2015.

Most columbitetantalite minerals have losommon leadcontents(Appendix B).Thus,the
majority of SIMS analysebas high®®®Pb/*Pb raties, and the common Pb correction hes
significanteffect onthe isotopic UPb agesSeveral analysefiowever,have?*Pb intensity
significantly above detection limit (maximum 661 cpsof *Pb), in particular the Rongi,
NP2, NT-2, A-1, and CC1l716samples. Thesefragmentshave markedly lower measured
20%ppf%%Ph (x00) and’’PbP*Pbratios These analyses have to be correctedctommon lead
contributions, as uncorrected data will yield toigh **PbF*®*U and ?°’Pb/**U ratios and
thus too old ?°PbA%U and?°’Pb/**U ages (Fig. 8aand 9. Furthermore, such data tends to
fall to the right ofthe concordigFig. 8). For SIMS data, there are two options to deal with
commonPb problem: (i) use the measur@®b to correct for common Pb (Figaand ¢ or

(i) use a TeraWasserburg diagram that allows obtagintercept ages from uncorrected data

(Fig.8b and g.

6. Conclusion

We characterize columb#antalite minerals covering a significant range of compositional
variation known for columbit¢antalite minerals and having ages between 198.3 + 1.4 Ma to
2053.2 + 1.3 MaThe various minerals are chemically homogenans seveal among them

may serve aseference materials fan situ U-Pb dating The different columbitéantalite
minerals are available to the scientific community, depending of the quantity available for
each reference material.

The U-Pb dating ofcolumbitetantalite minerals bysIMS demonstratethat there aremajor

matrix effectsthat mainly depend orthe Nb/Ta ratio of the columbiteantalite minerals.



Matrix matching of unknown and reference material yields accurate and preélbeades.
Ourresulsimply that the UPb dating of columbitéantalite minerals by SIMS requiregher

(i) a reference material with the same Nb/Ta ratio as the mineral tord@ije tbased on the
correlation betweef"Pb8Ugms / 2°PbF*Up.1ims and Ta/(Nb+Ta)+a series of reference
materials of contrasting Nb/Ta to interpolate the matrix correction ohmainhing reference
materials The mtential contribution of common leatiowever,can be accurately detected

and corrected by SIMS.
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Figure and table captions

Figure 1. Electron MicreProbe Analysis otolumbitetantalite samples plotted in the four

quadranfla/(Nb+Ta) vs. Mn/(Mn+Fegolumbitetantalitediagram.

Figure 2: ID-TIMS concordia diagrams fothe four columbitetantalite samplesfrom the
Ivory Coastdated (A) Six fragmentdrom the CT1 ferrotapiolite sample yield an age
of 2046.8 £ 1.1 Ma (3. (B) Six fragmentdrom the CT3 ferrotapiolite sample yield
an age of 2053.2 = 1.3 Ma {2 (C) Five fragmentdrom the CT4 ferrotapiolite
sample yield an age of 2044.5 + 1.6 Mal)(2D) Five fragmentsrom the ISSIA2
ferrotapiolite sampl@resent scattered data linked to metamictizatwith an age of

2002 + 32 M2 J).

Figure3: ID-TIMS concordia diagrams faix samples otolumbitetantalites from Rwanda,
China and France. (A) Foinragmens from the Rongi ferrocolumbite sample yield an
age of 931.5 £ 2.5 Ma (@ (B) Fourfragmens from the Buranga ferrocolumbite
sample yield an age of 905.2 £+ 3.2 Mal(2(C) Six fragmens from the NT2
ferrotantalite sample yield an age of 372.0 + 2.3 M3.(@D) Threefragmens from
the A1 ferrotantalite sample yield an age of 198.3 + 1.4 M. @everal fragments
present scattered Pb/U isotopic values, linked tdamietization and/or nanro
inclusions.(E) Sixfragmens from the NP2 ferrotantalite sample yield an age of 380.3
+ 2.4 Ma (2)). Several fragmentpresentscattered Pb/U isotopic values, linked to
metamictization and/or naroclusions. (F) Four fragmens from the CC1716
ferrocolumbite sample yield an age of 326.3 =+ 0.6 M4.(3everal fragmentgresent

scattered Pb/U isotopic values, linked to metamictization and/orinalusions



Figure4: Binary diagrams from SIM&neasurementgA) °Pbf*®U vs UO/U d measured
samples according to their chemical composition. Each gybapemical composition
is defined by a linear relation corresponding to the SIMS calibration line. This line
depends on the composition aagk of each sampléB) [2*Pb/ 28U [2*PbP U p.
nims] VS UO/U.The effect of the age of each sample is compensated by the use of ID
TIMS age. This diagram demonstrates that the different chemical composition of the
tested columbitéantalite samples induce matrix effect during SIMS measemésn
Note, the ferrotapiolite sample froRongi does not fall on the common trend due to

the difference between HDIMS and SIMS agesSee textdr details.

Figure5: Binary diagramslotting [*°Pbf**Usmsl/[2°Pb/*®Up.1vs] ratios against Ta#nd
Mn# (calculated from SIMS and EPMA measurements). Ta# and riefitgct the two
main chemical substitutions in columbiteantalite minerals These diagrams
demonstrate thdinear matrix effecy SIMS is only linked tahe Ta# whereas the
Mn# hasalmog no impact Note, the significant substitution of Ti, Sc, W, and/or Sn

will disturb the linear trend of the matrix effect as a function of Ta#.

Figure6: Influenceof the matrix effect on the SIMS age calculations. (A) and (B): Concordia
diagrams for CT3 Ferrotapiolite calculated with CT1 (matnxtched) orBuranga
(nonmatrix-matched) as external standar(f3) Diagram showing the deviation of the
SIMS 2°Pb8U and °PbF%b ratis versus TIMSPbF*U and*°’Pb*Pb ratios
for the CT3 sampleysing a matrixnatcred (blue, CT1and nosamatrix-matcted (red,
Buranga conditions (D) Binary diagramillustrating the deviation of theSIMS

209pp3Y ratio versus TIMSPbF3U ratio for ferrocolumbiteCC1716 usingthree



standards of differenTa# CT1 (ferrotapiolte), NP2 (ferrotantalit¢ and Buranga

(ferrocolumbite.

Figure7: SIMS age calculations for the different colbie-tantalite samples from this study,
in matrixmatched conditions. (A) and (B): Concordia diagrams for two samples of
Ferrotapiolite CT3 and CT4 calculated with CT1 as external stan@&ydThirty
measurements of the CT3 ferrotapiolite sampéddyan ag of 2054.1 + 2.Ma (2.
(B) Nine measurements of the CT4 ferrotapiolite sampétdyan age of 20426 4.0
Ma (29). (C) and (D)Concordia diagrams for twaasiples of Ferrocolumbite Rongi
and CC1716 calculated with Burangas external standard. (C) Sewneen
measurements of thiRongi ferrocolumbite sampleigld an age of 905.0 + 5Nla
(21. (D) Fourteemrmeasurements of the CC1716 ferrocolumbite sampld yn age
of 334.6 = 2.6Ma (2. (E) Concordia diagram of the NI Ferrotantalite calculated
with NP2 as external standard atwenty measurementgelding an age of 372.0 £

5.8Ma (21, see Figurd for more details.

Figure 8: SIMS calculations for the N2 ferrotantalite sample calculated with the NP2
ferrotantalite as external standafiventy measurementsjA) Concordia diagram
presenting data corrected for common lead contribution (red) and uncorrected for
common lead (black)B) TerraWasserburg plot of the NZ sample, yielding an age
of 372.0 + 5.8 Ma (3. (C) *°Pb***U individual and mearges calculatedbased on
data corrected for common lead contribution (red) and uncorrected for common lead
contribution (black)(D) ?°’Pb’?*U individual andmean agecalculated based on data
corrected for common lead contribution (red) amcorrected for common lead

contribution (black)



Table 1: Representative EPMA analyses for coluraitgalites. Values preeded by the

V \ P E R Ondicédte element concentrations below the detection limit.

Table 2: UPb ID-TIMS analytical results focolumbitetantalites.

Table 3: Summary of calculated {DMS and SIMS ages and respective precisions and

accuracies



Table 1

CT1 CT3 CT4 Rongi Buranga NP2 NT-2 A-1  ISSIA2 CC1716

TiO, 0.79 0.71 0.95 0.17 0.77 0.37 0.22 0.38 0.24 1.76
MnO 0.73 0.97 0.62 6.84 9.78 6.54 6.88 14.3 9.72 6.11
FeO 14.8 14.5 14.8 13.8 111 10.5 11.6 2.87 6.46 15.4
Nb,Os  7.19 6.44 7.51 66.2 64.7 42.7 43.6 27.7 18.4 70.5
SnO, <0.2 <0.2 <0.2 <0.2 0.44 0.51 0.28 <0.2 <0.2 <0.2
Zr0, <0.2 <0.2 0.21 <0.2 0.31 <0.2 <0.2 <0.2 <0.2 <0.2
Ta,0s 75.2 76.2 75.1 11.5 11.9 38.1 375 54.6 63.3 6.50
Total 98.94 98,91 99.17 98.66 99.12 98.69 100.1 99.86 98.39 100.3
Structural formula calculated on the basis of O = 6 atoms

Ti 0.02 0.01 0.02 0.00 0.02 0.01 0.00 0.01 0.00 0.04
Mn 0.02 0.02 0.02 0.20 0.29 0.18 0.19 0.38 0.26 0.18
Fe 0.38 0.37 0.38 0.41 0.33 0.29 0.32 0.08 0.17 0.46
Nb 0.17 0.15 0.17 1.78 1.74 1.07 1.09 0.67 0.44 1.90
Sn 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Zr 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ta 2.06 2.08 2.05 0.36 0.38 112 1.10 1.54 1.78 0.21

Mn# 0.05 0.06 0.04 0.33 0.47 0.38 0.37 0.83 0.60 0.28
Ta# 0.92 0.93 0.92 0.17 0.18 0.51 0.50 0.70 0.80 0.10

Mn# = Mn/(Fe+Mn) (atomic ratios)
Ta# = Ta/(Nb+Ta) (atomic ratios)



Table 2

6DPS® :HLJK &RQFHQW! 3E &RPPR 5DGLRJHQLF BE [ 7K § $WRRLIFWLRV $SSDUHQW DYt
PJ SSP 222 OHDG 22222222 22222222222222222222
22222 3E SJ 3E 3E 3E 3E 3E 3E 3E 3E 3E
8 3E 2 42 (UU 2 #2 (UU 2 %2 (UU (UUR 2 % 2+ 242
1 1 1 FRUL
OHDVXU 8 8 3E 8 8 3E
UDWLRYV

CT1, Ivory Coast, Ferrotapiolite  (common lead: *®*Pb/***Pb = 15.3 , *"Pb/**Pb = 15.3, **Pb/**Pb = 35)
1 0.200 181 70.5 1100 13500 8855 11.16 0.282 0.0100 .38121 0.64 6.6273  0.66 0.12609 0.14 0.9774 2082 2063 2044
2 0.210 201 73.3 33700 17 88.76  11.23  0.004 0.0001 .37597 053 6.5594 = 0.53 0.12654 0.04 0.9965 2057 2054 2050
3 0.292 200 72.8 47700 8 88.80 11.20 0.002 0.0001 .37590 0.62 6.5406  0.61 0.12620 0.05 0.9970 2057 2051 2046
4 0.213 202 314 38.84 4670000 - S I
5 0.267 191 70.1 13200 99 88.76 11.21  0.034 0.0012 .37699 1.08 6.5638 1.08 0.12628 0.07 0.9977 2062 2054 2047
6 0.560 194 71.1 23890 31 88.79 11.20 0.009 0.0004 .37691 0.84 6.5584  0.84 0.12620 0.05 0.9985 2062 2054 2046
7 0.585 208 77.4 1770 6400 88.65 11.19 0.158 0.0056 .37046 1.03 6.4493 1.06 0.12626 0.16 0.9890 2032 2039 2046
CT3, Ivory Coast, Ferrotapiolite  (common lead: *°Pb/***Pb = 15.3 , 2"Pb/**Pb = 15.3, 2®Pb/**Ph = 35)
8 0.306 309 113 49100 19 88.75 11.24 0.005 0.0002 .37658 0.61 6.5786  0.61 0.12670 0.04 0.9983 2060 2057 2053
9 0.458 321 118 83700 7 88.73 11.26 0.005 0.0002 .38039 056 6.6558  0.56 0.12690 0.03 0.9984 2078 2067 2056
10 0.504 304 111 65000 10 88.76  11.24  0.002 0.0001 .37660 0.68 65769  0.68 0.12666 0.05 0.9976 2060 2056 2052
11 0.182 312 113 14100 226 88.73 11.25 0230 0.0008 .37559 0.73 6.5659  0.73 0.12679 0.04 0.9987 2056 2055 2054
12 0.158 306 114 2770 5740 88.66 11.22 0118 0.0042 .37484 0.77 65431  0.77 0.12660 0.05 0.9978 2052 2052 2051
13 0.212 294 107 11900 286 88.74 11.23 0290 0.0010 .37406 058 6.5244  0.58 0.12650 0.04 0.9975 2049 2049 2050
CT4, Ivory Coast, Ferrotapiolite  (common lead: **°Pb/**Pb = 15.3, *’Pb/**Pb = 15.3, *®Pb/**Pb = 35)
14 0.376 181 68.2 909 18000 8851  11.14 0.349 0.0124 .36418 065 6.3222  0.66 0.12591 0.11 0.9866 2002 2022 2042
15 0.141 169 62.3 3360 1180 88.73 11.17 0910 0.0032 .37330 0.40 6.4817  0.40 0.12593 0.05 0.9920 2045 2043 2042
16 0.168 176 63.9 11100 116 88.78 11.19 0230 0.0008 .37365 057 6.4946  0.57 0.12606 0.10 0.9834 2047 2045 2044
17 0.189 177 65.1 4010 924 89.47 11.29 0761  0.0267 .37763 059 65722 059 0.12622 0.07 0.9919 2065 2056 2046
18 0.238 175 64.4 8190 216 88.77 11.19 0.034 0.0012 .37778 0.43 65688  0.43 0.12611 0.10 0.9708 2066 2055 2044
Rongi, Rwanda, Ferrocolumbite  (common lead: “®Pb/**Pb = 17.5 , *’Pb/***Pb = 15.5, **Pb/**Pb = 37.0)
19 0.227 595 8.25 ' 1090 275 9354 6.433 0.031 0.0010 .14127 066 1.33961 0.76 0.06877 0.04 0.8678 852 863 892
20 0.239 74.0 236 22.10 5416000 -9 g R
21 0.122 99.8 14.8 1710 367 93.40 6561 0.040 0.0013 .15422 0.63 1.49381 0.70 00.07025 0.32 0.8915 925 928 936
22 0.112 914 27.8 83.04 225000 92.64 6.845 0519 0.0173 .15152 0.84 154364 2.63 0.07389 248 0.33 910 948 1038
23 0.231 742 11.3 862 275 93.43 6555 0.017 0.0005 .15294 1.18 1.47956 1.27 0.07016 0.44 09382 917 922 933
24 0.308 85.4 14.8 328 8000 9325 6576 0171 0.0057 .15263 2.09 148410 2.12 0.07052 0.32 09885 916 924 944
25 0.210 77.6 26.1 68.37 249000 91.99 6.607 1.407 0.0476 .14271 1.15 1.41333 216 0.07183 1.90 0.47 860 895 981
26 0.231 805 11.8 2740 94 93.41 6548 0.040 0.0013 .15559 0.72 150388 0.73 0.07010 0.13 0.9836 932 932 931

NP2, Fujian, China, Ferrocolumbite  (common lead: ?°*Pb/?*Pb = 18.6 , 2’Pb/?*Pb = 15.6, °Pb/***Pb = 37.5)
27 0.216 248 14.7 904 1130 9478 5141 0080 0.0026 .06032 060 045112 077 0.05424 047 0.7888 378 378 381



28 0.194 272 16.2 716 2160 94.84 5121 0.040 0.0013 .06003
29 0295 211 12.0 1010 615 9537 5.029 0.399 0.0131 .05865
30 0316 136 12.3 1730 229 94.83 5136 0.030 0.0010 .09566
31 0271 322 156 1310 634 94.83 5128 0.040 0.0013 .05085
32 0.193 235 143 730 1600 94.64 5195 0.164 0.0051 .06089
33 0.206 276 159 1220 751 9477 5139 0.092 0.0028 .05999
34 0201 241 13.9 1390 446 9478 5145 0.075 0.0026 .06052
Buranga, Rwanda, Ferrocolumbite  (common lead: 2°Pb/***Pb = 17.5 , 2’"Pb/?*Pb = 15.5, 2*Pb/***Pb = 37.0)
35 0.234 84.4 12.1 1610 278 93.49 6.480 0.025 0.0010 .14946
36 0.196 163 76.5 48.22 310400 91.66 6.503 1.835  0.0058 .13569
37 0232 803 11.3 5350 23 9354  6.457 0.001  0.0000 .15135
38 0.265 89.8 160 262 13700 93.40 6581 0.015 0.0004 .14927
39 0.348 745 10.6 4430 30 93.49 6.475 0.039  0.0013 .15218
40 0379 67.6 9.49 6450 11 93.46 6.478 0.061  0.0021 .15108
41 0.378  84.0 11.7 7800 11 93.45 6.493 0.056  0.0019 .14442
NT-2, Shanxi, China, Ferrotantalite (common lead: ***Pb/**Pb = 18.6 , *’Pb/***Pb = 15.6, **Pb/**Pb = 37.5)
42 0.319 218 132 534 2380 94.87 5131 0.002 02316 .05885
43 0.243 142 8.86 341 2390 94.80 5.124 0.074 0.3719 .05665
44 0.434 149 9.86 314 3400 9478 5.136 0.081  0.4052 .05948
45 0242 154 899 713 648 94.84 5.134 0.029 01729 .05851
46 0.208 231 40.9 49.01 765000 9290 5122 1.979  3.8079 .06174
47 0.265 174 102 923 519 94.81 5.147  0.043  0.0014 .06037
48 0.250 166 10.3 479 1750 9478 5.174 0.049 0.0016 .05957
A-1, Xinjiang, China, Ferrotantalite ~ (common lead: **Pb/**Pb = 18.6 , *’Pb/***Pb = 15.6, **Pb/**Pb = 37.5)
49 0.207 813 292 274 393 94.88° 4741 0381  0.0127 .03117
50 0.233 304 9.96 454 1900 95.02 4758 0.220 0.0073 .03120
51 0199 783 15.9 1220 756 95.04 4752 0.204 0.0067 .21185
52 0.199 274 11.3 1530 253 95.05 4752 0.201  0.0066 .04370
53 0.184 213 13.0 305 6500 95.01 4740 0.251  0.0083 .05436
54 0202  42.1 17.8 1010 1400 95.04 4750 0.206  0.0068 .04363
55 0.145 515 16.0 703 2210 95.05 4.765 0.184  0.0061 .03129
ISSIA2, Ivory Coast, Manganocolumbite  (common lead: *®Pb/**Pb = 15.3 , *’Pb/**Pb = 15.3, **®Pb/**Pb = 35)
56 0275 344 21.9 141 49100 87.97 10.82 1.218  0.0433 .04440
57 0.191 990 469 1290 284000 70.89 8.810 2029  0.8976 .37592
58 0204 172 9.61 199 5500 88.44 10.80 0.761  0.0269 .04360
59 0.200 436 160 1130 66400 88.97 10.84 0.19 0.0067 .36082
60 0.194 575 245 634 4600 88.76 1092 0.319 0.0112 .04013
CC1716, France, Ferrocolumbite (common lead: 2*°Pb/**Pb = 17.9 , *’Pb/?*Pb = 15.6, *®Pb/***Pb = 38.1)

61 0.151  9.66 243 7520 49 9444 4999 0566 0.0188 2.7446
62 0.122 262 236 9620 28 9446 5002 0541 0.0179 .04996
63 0.126 54500 2523 327000 270 92.11 4.877 3.011 0.1025 .04961
64 0.121 532 30,5 394 22400 9431 4995 0.698 0.0232 .05322
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65 0.115 14800 748 1840 702000 91.75 4.853 3.402 0.1163 .05185 0.85 0.37817 0.86 0.05290 0.09 0.9943 326 326 324

asmall fragments from single columbite grains. Fragments were selected to show only fresh fracture surfaces. All samples were leached with 20% HF, 6N HCI, and 7N HNO3 before sample
dissolution (Romer and Smeds, 1996). After leaching, most grains had shinny metallic surfaces no traces of sulphides, silicate inclusions and metamict domains. Rare grains developed rusty
stains during the HCI and HNO3 washing stages, indicating that metamict domains were not completely removed. As such grains typically yield variably discordant data, they were removed from
the sample. Although the analysed fragments eventually had perfect surfaces, it is unclear whether the metamict domains had been removed completely also from interior part accessible to
leaching. To minimize the risk for non-idenified metamict portions, small fragments were selected preferentially for analysis. The high discordance of some samples indicates that this apparently
was not always possible to remove all metamict parts.

bLead isotope ratios corrected for fractionation, blank and isotopic tracer. Samples were analysed at GFZ German Research Centre for Geosciences, Potsdam, Germany, using a **°Pb-?**U
mixed isotopic tracer. Analytical details are given in Baumgartner et al. (2006). During the measurement period total blanks were less than 15 pg, for lead and less than 1 pg for uranium.

C|ead corrected for fractionation, blank, isotopic tracer, and initial lead with the composition according to Stacey and Kramers (1975).
d23211,238 calculated from radiogenic 2®Pb/*®Pb and the age of the sample.

€Apparent ages were calculated using the const DQWY UHFRPPHQG ki ES51856-10y" .35 = 9.848 E-10y™.

fSample dominated by common lead; measured 2°Pb/*Pb = 38.84 , 27Pb/”*Pb = 18.21, 2*Pb/”*Pb = 38.89.

9sample dominated by common lead; measured “®Pb/**Pb = 22.10 , *’Pb/***Pb = 15.92, *®*Pb/***Pb = 38.91.
Data in italic were removed for age calculation.



Table 3

Number of ID-TIMS Number of ;ir;igs?o%f pr:c?gi%i (;))]:ar calitljl:{slltsed . b
Sample alllr?a-ll;/lgﬂei calculftztelc)i age ansallg/lsiS per analysis analysis concordia age Precision Accuracy
(%°Pb/*8U)  (*"Pb/**®Pb) (21

CT1 6 (7) 2046.8 + 1.1 Ma 38 (41) Standard - ’ - -
CT3 6 (6) 2053.2 + 1.3 Ma 30 (36) 0.3 +2.3 % 01-04% 2054.1 + 2.2 Ma 0.2% 99.8 %
CT4 5 (5) 2044.5 + 1.6 Ma 9 (10) 0.3 +x1.7% 0.1 +0.3 % 2042.0 + 4.0 Ma 0.2% 99.9 %
Buranga 5() 905.2 £ 2.3 Ma 25 (35) Standard - - - -
Rongi 4 (8) 931.5+ 2.5 Ma 17 (17) 0.6 +2.2% 1.4 +6.9 % 905.0 + 5.0 Ma 0.6 % ¢
CC1716 5 (5) 326.3 £+ 0.6 Ma 14 (15) 0.6 1.2 % 3.5 214 % 334.6 + 2.6 Ma 0.6 % 97.9 %
NP2 6 (8) 380.3 + 2.4 Ma 24 (24) Standard - - - -
NT-2 6 (7) 372.0+ 2.3 Ma 18 (21) 0.8 +3.1% 49 +584% 371.3+3.7*Ma 15% 100 %
A-1 3(7) 198.3 + 1.4 Ma (5) - - - - -

& Calculated from SIMS calculated ages
® Calculated deviation between ID-TIMS and SIMS calculated concordia ages

* mean 2°°Pb/**®U age used

Numbers of analyses are given as follow: Number of analyses used for calculation (Total number of analyses)
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