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Abstract

Uand Th isotopicbeemppsotaenhttbabbe t ool i n eny
S cni cee oceanography, hydrol ogy, g e b aosgeyd nu
archaeol ogy. These applications require simul
i sotopes at high accuracy. Oftenof tlheanadmoTuhntar
| owndt heref or &i gneeqwiumresmearsti t i vity. The use of
i nductively couplrednept!ray/sCpbdmacsasm raypireaxiice d pr eci s
for -albkomdance iisotftopged edndampses by the high
Si mmnleoadg ecti on of iewd |l wictlorthdetmeckor bl ock,
throughput. This can be achieved only with pr
Measur ement-IsC-RV$ trthedWCi r ecpsampbksi pgein order to
imerferencesonaaedt rpartee sampl es wi t h t oo | ow
measurement s. Thesehems d ndduscree si smahmpe ordfs aand
consequebilageyli eledul ts. Several difsfeabe@ant pr o
none axiltenar i ndication of its performance wit/|

di fferent dpremhocwimp alh #ids dainsds etrhtea tvinaedsnt r tohneer
opti miaredeesniroe rel-gahl etyhdgha ompeUr@amhdosh i
combination of cop(rPelzapi thei opm ewbnbear ati on
extraction chromatography with ;ABEYAer essxiparm@mn
t echnmaguheo asn an opti mal oawiatlhy tti hcea Elrcipg@aedss.r

t echni ghuiegsloehraat r i x oemMifneggc tt o, t he direct contr il

material stri ppwehd cfhr onnatstohsdh erwenshien ,bi ggest i nfl
and acUOur asTah e Bt | mal p rtohteonc duos endns r oduce U and
novernvironmeanctearls t o studprbgdsesesgeoc memiidgchalt i c
pedomi nantly carbonate |Iithology. In a dynamic
geol ogic trameiwoak, hydrolyeaos £ome t a ne sapuwpelb at o

properly iseomphexpeiockereesombi ned use of geo
physicochemical parameters with U amgrddiliei sot

the understandi ng oThkKjabrisjta mivaa oRliiypwnearthieet ks a

Ri ve€Cr o amerae the first case studies whave U a
been usedahewppewspgdective tdha&Ur¥dadgethkvowry dat
of di sswoalsv efdoawldlllet rust ed tracandofigeouwdwates
reflecting the variability of discharge and |
from different Ssour cewsa < q rseod iagwiitcteahl d ¢/ a rlbiognhatt eer
fl owst one awntd ftruafcat iwdnatoi on, therefore U isoto
formatoaormhaf | ect t he,ast oawmtglei gpoefni@O car bonate |
concentrations and their isotope rataogobd carl
i ndircatfo carbonate detrital contaminati ons.
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Povzetek

poraba U in Th i 72xtkeagskeps e maw ez neaenogdsptei o oKk
ceanogr afi,jig,eoliodyrigliggijjeidr s.Kiea @ loirkeanczii jkd 7z anh ts
kratno ziazamtavppmgrej so i n vze ¢vjios ovksoe bnaotsatncon o st j
in Th v vzorcu ali njuna koncemt  vaciojka merpd
CutlyYporomaati KoK erkaisgires p & lotmags r s k| d mldjuekntd v no
azMGl ¢GMS |l ahkovisoko absolutno obcutljivostj
nov z vecCkolektorskimmZaesékbvporashkhi mziel oledmviz
sovnem dodbsdedozbepb ol j sano Tmatlaadhtksoege mo | e s pr
timizacijo meril negd CgNSo tzaakha leav.a j Me rpirtevdeh oz nK
orca, da se zmanjsajo interference v matrik
mcter aci jo za neposredne médristtbe. pdivzpodce®i
akcionacijo in posledic&no dajejo pristransk:@
otokol i h, nvzenjdagninnoibemaev edbami gl ede njegov
stopanje.v Ztae jo dpsidmaimici fazl i ¢ni protokol i,
dal je optigmzageaogsdjpi ve in visokokakovostn
ot opakjmbh Kombinacija sddbkatj aneghniskaCapr edh
omcter i ranja in ekstnipakei USIE¥Aksonmé ioe\g paa e h o dn
N@ kot separacijska tehnika, j e bil a i zbr an
atanc¢nostijo. Ost al g ptneantnriikkee snoa iknoelloeniv ezCajriad
ri spevka orgaoad&tganmanheghailia kolone,ikar se
a natanc¢nost U rezultatov. Optimalni protoko
ot novasbhkhkdla] pkaaucevanje hidrogeokemi ¢ni h p
retezno kpaordbloangaot.n oV di nami ¢nem Ikha&glkeomgercn
eobpgdlkalgasi ¢ ni hidrogeol os ki pristopi wvcasih
eh zapletenih kraski h procesov. Kleumpna kubor
arametrov zzoWop ok oTijhezgiatt amawo da zdol msaanj e kr a
idrodinami ke. Povodje nakberikggbkemdmgetcgdijni r el

N QO = S O0ONT Y O — T

N T (COT ST QT XNSTSTITX TS 00T *+*TXx<O0OMX—TTOCIOC

roi katerih se je U in Th izotopsko neravnoyv
bstopedamkgbt ovl jeno je bilo,?20PRP0r1jaztragimee neg
zanesl jiv sledilec podzemnih in reé&nih vodni
n |itologije povodja ter mesanja vod iz razl
rézakcionkaribhesaigom ehnjaka U izotopska razm
arbonat nl ahokdornaazcaijjo s hskaortgemdga b6O@®ata v | ehn
Koncentracije Th in U ter njuna izotopska raz

talpwwazal e kot dober pokazatel)] onesnazenosti
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Chapter 1

Int roduction

Accurate and precise set(cdenrir nad) Dh-eef ils ahi um

series) i sotope imptoiraanthaweoplmaagti ons i n en
oceanogr aphyandhysdiricod mocheyar .cUnaeaslso gy adisng cl i mat e
changbtse carbon cycl e, oceandehemmshrpgandl| pat

igneous ,Hdasiongi etsaivneg paanida nldonwersder st andi ng pr
neotectonics anel i @B dddtoanrmmit nUaodnm o sTelw ifi seast o p e

r atdiagdlaot compimposi tdalomes wsaend f or studying redox
weat hering anadl fweratchoenrtiinnge nocr mi xi ng processe:
syst(eAnsder sen, Stirling, & Weyer, 2017; Bour dc«
2003)

The mostmonl|ly studiead de-$Tehmieas saoé Wrani um (U)
Th) and they cian berosdame tgieon atgedt al spatdemydr o
n envi,robmamd Th fractionati beasaase afh ©Ef &hc
i fferent nsdl ilhielrietny o xi da tvieaxasastt iatt gehsg ragnidn ¢ h e
nvir oncnoenndti & IC toanklsa u x Riotte,. &Addeiqtuiionnceelyl,y ,2 0W
sotopes naereeebiowrepddi onuc !l idekees yawnhoiaahted i onucl i de
Lovel and, Morri sstye,se& USaembdo aighjce R OB &) espl oi t
n t he afiosront oopfi¥ £19a°t8iPA0 ,A°P h¥*F h23U/23F ha nPU/23F D

0O séenodir onimetnetrashentdiad e ur ¢c e s g € oo ghsytdaridoi ¢ 0 and
nderstand the time of an deltda meagn ta pfpl ia sctalit a frofantsé
Fitzpatrick, 1991; X . Chen, Romani el l o, Herrnm
Gi |l mour , Rowe, Andr ews, & Preece, 2004 ;
Khvaschevskaya, .& WAriaskocthoapae, r2a0tli5opss waenr € naplosrot art
i ndicator t o di fferentiate types ,of wherrwei r o
measur emamttshr opbwgent opi €30 F3%,1%P30PsSH, 239 L3, and

cC =~ D Qo ——

233P%)are of importance in the environment al m
to stmpggcnucdfear weapon expl osi onrsep rnouccelsesairn gp
s pemuc |feuaerl |, and nucl edrBoud ygtaoretacadi.d e n2t0s0 2 ;
Sakaguchi et al ., 2009; Steier et al ., 2008)

Manwcéppli canivoallsieni ted amount oontsaasinapllle and
amount of me awiutalpde aeal gt phepfecbopi oncomposit

measur emamtrent | vy, t he mo st suitable technic
environmental -l TWBpl ensi tihs hM@Qh absolute sensit
detection of ions with(Baktecpl Redgesdhidonet @& LEBEN
Becker, 2005, Nhmhenguse&@&006®) this equi pment has
mi sperception i n i rhooowm stios toebntcaiiens arcecguarradtien gi s ot

To fully wunderstand the instruméenot,repcbper g



2 Chapter 1. Introduction

ittlye detection of the smallest amounts o
rentiate between s mdlICHRISE rcoopil eerxs tiyn bmra tnu
0 measured isotope aceadiasi sisrug hf raesm sip®c
nterfensehcement aslampalses nhaitarsi,x ef fects as a resu
ot her el ements i,n drhet kamphet mamen txa | mass bias
pl asma c¢iAdibarends et al ., 2004 ; Baxter et al .,
Schwieters, 2005 To Yavsguiadhtdeasli.r,ab2l0el 8matri x and in
error ,edrfefculs opt hme zsaurn eme rodf @drhet ane@alsur ed anal y
needed

S e
t o
err
I

Al t hough several techni quaensd iTeshot bhec debvompms nat
exi(sAtnder sen et al ., 2017 ; Gol dsteinthdoe3j svapn
report, which would compar eateheidie aperdf arerma sd @ nat
onr he beStuasdines in smanlyi defdttuveaeatuprotocols for
of the precision of determining U and Th isotope
preparation and measur ement st Bpsl| yWgiee, - t Ko nseagngpel r ¢
Kappel , Richter, & Sangél vy, 2 0Slcbh wi Seatkeangsu, ¢ h2 0 Oe5t)
i nstrumen(tAmdearisan,esStirling, Potter, & Halliday
Jeong,. Th@etr @&)fvaarid amaleyti cal technitgwras meat sampl e
separation owleré& aothpdhéde dii s etretramsi onf precisio
accurasyerofesUi sotope rat i-loC-RM&(t*ercntiinoant h3e.nlb)ers t h  M(
prot weaelpti mi zed &agernetdulcleantrk contribution and t
measurementl coomddern otne .encwalei ryl dathd egn h gehnd T
ratios and the most s-liewvabl eame¢iICNEr, hgroM& rfodd i Ingw
f acitsourcsh as fpirmdierrg atlthequodupgonerefnitgant atoingn or es
the 1oemm analpyetrifma mance afreddesTShawsywresmdnts of bo
fractionati on during sampl e preparation and o]
measur emenpowned éd odesshoeshegmet hodol ogy which enabl
det er mi naits otno ppd osramg lowi t bohoevnt(rRRaviaoms& S$Str ok,
2019)

Theevdel oped menmn hdwdef If egyent applications of U an
in the emvVi solmmeéehmmysdtJobhadyTh i sotope ratios can b
an environmental tracer for studying different p
(Swar zemI)k$ e a(@T@itsesrot & Dauprhaest, a2l0.B5h @ OWeBy)¢ i nent al
surface water (a@habgawx ngdtwadle.r, 2003; Q. Chen et
2019; Sieberltniedh sadert 2t0i1l®NY & mamettlthwalod pegd was
applied to ftrhoem seam@Elwdoenrme nf r eshwat er draining e
predominantly <carbonate | itFbol acdyeser eanytihegaenmlsa ¢
settings not much is known, compared to the pres
i sotope in amaerente endireoceents, WAnhdRrweme wi d
et al., 2016; Stirling, Ander sen, Potter, & Hal/l
et al .Ipn 20606B) enMi rackrBmamtds i n much | owg.r CQhoennrcent r a
et al . | 2020; Cho & Choo, ,vWilddh rPaap rmews a f&y tEidanaln d |
chal lAennagey.ses of UnNdainsde gluhi liishortioypna sa md scua rf caecret rwatt ie
imkarstic eaveged memtprovide a signatuore of a p;
ri vertwaeet hat can be related to its area of ori
of different origins, antdr adbdlpwosgspdedsnbodmdi i e

(Bourdon, Bur eau, & Abhdleerste,n,2®09;i Chabaux, Bour dc
Chabaux et al ., 200BheHuakéealksoaprovemltd be a
identidwnogigc ar bonatueatsi faynhde gfaonmofd nomd t o detrit al
matefBalrdon et al ., 20009; Garnett et a.l ., 2004;
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Toi mprohe undewdt amnuadihng omp |l ex kaa rbsatsiecl isnyes tfeom
Th isotopes in difbktf@rlkeeatplksaargsel edhfr ecalsa snseiecdal hy
approaches is sometimes not enough to proper|:
the combofhedl aass®eé tami cal and physicochemical [
concentratiiosnet amidc tda@nep orseictoihans @ d g d whieas t he
precise determination ofpeUf amndveetkeaitghtet Epe oAt
t hlej ubl j ani ca KRiRwevranc eett a mihekgrtk 220 R0 v er(Rowma@r oat i
et al). 2021

The LjulRlijveenmi ccaat chmentnumerSoluosv eqp rai ahgads and
aantisnt earnedst ¢t hglslteurdgyi ngnvi ronment for qgu
l ogi cal and geochemical proces@®asctdiuan ng
c ardbiosnsaothaué ¢ iomi t ati on processes from the
its are important for quantification o
vement through the carbonate massif and t
al(iHtay t mann, Gol dschei der , Walgoe nienrv, e sLtainggaet,e &
oundwater hydr odynamiears, aegreviursounanhelnyt ads etdr t
charge, groundwhaadaaeck ifndtdedaapeptaidowatad e, & Fer
study tempor al and spatial v @ rhiea tpiootnesn tiim |t
U concentrations and i sot owaes ceodnppl cosriet i o
h weadeunelscaysed | t ernative tracers to classi
nt al rati os, p hyyasidc cad hkeéadhii nanla lyyg @ e a mditee rsso |
and wantdeerr ndiixfifregr entgif & wnvdswesgtéednd.s t 1 o ntah e
mati on on water sources that cannot be de
axzdbaesrived out by analyzing U and Th conc
ck from diff grReorvtanl ietthallagi 2a8I120yni t s

The Krka RivdrSechi €rodt Bpeci f-ifedgkauntivat ei
characterized by complex hydrology and season

<

n

h
f
0

TO TS0 C H4HTQOQ IO WIT
S

®T 59— 5 ”m”WOoOm™—"Cc O o -
OT ™" OO Qo —

- =0 03
OO0 ™~ = 0 4K

represents a unique model system, where tuf a
mor@lhogi c di scointt hwi teinevsi randent s. Tufa is €
attention as a potenti al environmentaloc&r chi v
interactions, hydraulic c¢connexcctyicdnsn,g rienc htaergn
storage, evasioho ahAremamsét al ., 2014,; J. C
Xi ao, & Huang, 2004; .Dablkhovykiamétc &farwi 2B12
alternating lentic and turbulent I otic sectio
i sotopic equilibrium(fAndreiwtsher0060or BODaissetr op

r
Bel | | & Denni s, 20IMMaeuskopénteanadiati on23b0éd43%o0top
parameters in combination wihthadoyptseod otpd cg a&iom
knowlcerdgtemltserestlng anudiexd enadd wieiliyo slysht g mwi t |
identification and quantification of aut hi gen
(Rovan et)al ., 2021

OveraluUl and Th @anameaddietdi onal environment a
knowl edge and understanding of complex system:
Theevdel oped met hsodkdladgweed yalrlasy measur ement o
|l evel s of praciysi owmiamdiacemportant for U anc
in environments where their cbmicentdraseosat i
or ganifzewr i mhm pttilmets oduct jtohne cshuabpjteecrt of t he di
i ntrodaviiddéntbcuows revibawimgchemi cal and radioacti
Th i sottohpead uir al enviex phma apo sasnidbol fe nmhe a saucrt eom es
that can ctome rp hatdesatani r @ c ginsdo tTdpree s walnhti sb.h e

ai ms hypaodt hesi s, the puripsospr eotingheddsd if 04 d rotweetdi
presentation of methodolodysseesalisnahirde et hec
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publ ipseheedvi ewed piurBe c 6 8B3..o3nhse med phtoidmm zah d o
validation for reliable deter miinsatsihmnw8cefctU oannd T
31 atnheppl i ot Uomnd Th isotopes as a ttrwocer of g
di fferent st udii®edprkeagrsatd sdd@Buni2f edmsee InBPodi ngs
together with hypaomh@giisntebe¢ei Ggnclauei ons.
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1.1 Natural Radioactivityin  Environment

Nuclidesprag®ent in the environmenlth earse aebiitlhietry
nucliisledet er mi nedr bof trheutnruommbs aoatdupeot dher e ho
radi oaatl vdes or aruandsitaanbutdewiddéeéss t he out of bal a
of neutronsiainmd telxeciers sn lelem g ytbhhykw b & § h Etnkeer ggsybk

is releaseoed snbeeerbiyssi ormycsdyngammami s( ip.ag.ti cl
radi a(tdieosnkkovsky.et al ., 2019)

1.1.1 Basics of radioactive decay

Radi oactainvmpgogr tissnt padpent gThod elsaw of radioact
t hat the nmumsbedri sofntaetgr ating per ti meatiosmspr opc

N. The gbuaastiicone of radioactive decay i s

QU

— 0 11

95 0= (1.1)
Il n Eqg),Ni(s the number rafdi anamdiisdki ttshedecay cons
is defined as the probability thatTlheegdawen at
constant is r-el aeed to the half

a ¢
- 3 (12)

Had f,fi,d r om 1E)J& vdal uabheact emrids binaddfi des defi ned
amount of time taken offors ptette pnemlmairc | dfd emu s laenip
given time t ol texraxzndegs hfan s .t &ygaQtvwahon0Odiff
radi onasctdidas be measured foadiadhudclhiede® mmonl
When the i nitatadmsn uonibegp eocfiif®Noat r Xtife ntufcé i de
numbeat wrikat do not undergo ratdNbatcsive decay

O, 0,Q-° (1.3)
Al | abovedegoanibenshe kinetics olie thembeardi ofa
radi oacacieeé in a radioactive sample that disi

decreases exponeKoénmnwpal & Wa ¢Ayn ntulnGaé 8abt;a,L 201 2 ; L
et al ., 2017)

I m ardi oacptriovcietsyst, abl e nuclides deicmyaiobhbt aal
i me whi ch resul ts i n t he emi ssi on of particl
adiatiorraydRmpmdmaacti wecurescagpontaneousl!| vy, i
andgmThe Sl aawtniiivs tfBadrequ(Bgeland the activity
eci procaKéesgaos&dbBabgy, 20

-~ = = ~+

1.1.2 Radioactive decay series

Naturadi onidwalvied ebse e n present since the for mat
continuously produced by nuclear reactions of
(Kénya & Na.glyn, n2a0tla8dae)o n«calni dlees di vi ded into

cosmogeni c, anrdadinanru ocHpiodpeesnddi¢oanlaic ¢ iomlees , whi ch
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exist from the time the el édmertss gwefageedrost mad dO
There are 1 lprcecaurmatngr aladieoa etsi wd dadanpirde s | rac
23 desagyt8sdesayapl®®h deceayFegu.r)d Sen & -Peucker
EhrenbrinkEaci®i12darts nwictl(BW@ 21, aanctfPihni,dehavi ng a
|l ong-Ifeabhd ends with a XRIEPbant’Phbt opspefctli eady
I n between ria&adiao rsweawiiaedelso-ftiegar vaen gh anlgf f r om mi cr oseco

tbusands Dleye adesrdiasesse an i mportant characteri st
nucl (wWkiscat daee begitrhrei decaafy chain) are radioacti:
l ong-l hakef daomoptanreer s i n .delchaey efomriees t helféerel ati vel

make theasdensoltddst egienVegiicgadt processes that o

scal es si micaayr ptled otwhdediornwdned @@ 2 atk a, 201 2; Lovel a
2017)
238 ]-series 235)-series 232Th-series
238U 234U 235U
4.47 by 245000y 0.704 by
234Pa 231Pa
669h 32800y
234-|-h 230Th 23‘\Th 227Th 232Th ZZSTh
2144 75000y 1.06d 187d 141 by 191y
ZZTAG
218y
ZZGRe 223Ra ZZBRa 2’24Ra
1600y 114d 575y 363d
122Rn
3823d

210
Po

138.4d

210;
Bi
501d

21DPb
226y

%

Figat?e8,2,®3 af®8h radioacti {Sede&aFbsehbEes.

Properties of the radioactive decay series depe
t hreucliimea ser i etshr efeh ecraes eassr edependhnoglhieden i f t he
l'ife is greater omulcéhiasl dfiedn t hleyg a a eFgilpgruerseent ed
1.2
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A2 =Al
Parent, Al & R?,P
@ 4 % Transient equilibrium
:‘; Secular equilibrium = A < A2
:E A1 << A % l
< <
0 Time 0 Time
'?;,&
w /fv No equilibrium
'_g g A A
=
Z |
<
0 Time
Figukedhree cases of possible radionucl
transient (erqgiugihlti)br iamd bnoot )efmnoiplt ie A irbuym n {
2012)

I n the \[ftihrestpraaahdoe Idiedceay smonue hstlhoawml yt he daught
racdiue (UUedelh) , t hlei fheal df rtahdeiuaplaisceemuch | onger co
to t he rdhaadlgfibitfed. er appr oxdvmsaeeldadiOodqdif vebri um
iestablished and the aenitvit g fofstglbet gre twars an o
for that peKdémylao& Nagwwnuh@li&hk,;a,L 2012; .Lovel a
Anot her case of t hewhrepdaromat ii o reuecigilydsd imorriea s o
than therddugh(Uiett) deAft elri M®s hafl fradi daughi de :
trangsiagnto@aqui Vé& bri um aifst eeg s twahh Icihsihtelmédoegcaauygsh t e r
with t-hief é@adf itshoetToppaer ¢chai sredh etnhe parent-li §etope
is less than the-d@egtih).Parendbtopetbpef will d
behind the daughter isotopesalabh@EGialerdo me, ezl
Kénya & Naglyf, heo0Llt8 bpadi oacti ve decay series r

mor e G htalaidsd6f t he |-bhgedti habhtdimeduat ede, al | ro
wil |l alpgpwve xierpuell yaahdviwei e€ésan conasri dreaditohaactt i s
equilibrium is established

1.2 UandTh Geochemical Properties

Knowl edge of the chemianal iThhotopeed i es efs emtei .
under st amd bieshoatvohmeer v ii mon ment , etshgeeocsisa Ibll ye  dhuart iun
di sturbance that will cause their fractionat.i
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1.2.1 U occurrence and properties

U was formed over t haenidnijfeectttecdet be tshkbagabggEyem a
more than 4.5 billion years aga.i ntEhelad ¥ dben,g U ¢
radioacti (Biekemethd$69)

U is the heaviest natur a(lStyi rolcicnugr. medtqg gaese. |, e n2e0n0t7 )o
sol utUeostis hoaki dat i dl )stk(atVeb (avh)d, U( Wwluyt commonl y
occurs only in stétasghpi. WX )aadg MarEe)ner al |y
assumed to abned wvemmtsEdlyeet hei r fouxitdadthiegWd floltr et e

antd(WVarshoelritved and uncoM@Goent me,nakwger , Lemire,
NguyTernung CreWannetnd®:992®xi di zing conditions, U
stat e, mai nly JAs ardniyt ii®nhiUPhly soluble and m
conditions, U exists in the U(IV) state, mai nl vy

and hitghlsy i(mwamiolve ch & .Har mon, 1992)
The avlkercaognecent r adi onurschu rEcaga.g2 but di oferent t
cksdshdowrent concefmheatbobhi nangel crust cont ai
% of the (Huomnmk Esarot,h 20080t i,deabat enrpacnkgsd o n
omg2g in sedi mexltOa)r yugr/fogc kisn tgor a(ndi t esU whi |l e i n
tiesntmuch | owteradf@@20@dgetg can be found in phoscg
Uec an be substituted with <calciuniieschhe ap
rnch&eGol dsc.lJeiicdern ncdinpb:)X i bl e with many 1 ocKk:
it i s generally incor poroataendf Wienntdo ovna rg roasisn m
nddrPioexcel |l i NaRw@&lurring &r enimpeorcsdea i de s
aninite and pitchblende), silicates, (zircon,
vanadates (daremroeniitse )dJe thearnadidmyl tdheesssour ce r oc
ends on soil (typechndtUmabohbé@&dP@bs) in river wat
concentratiygp/israrsafindet Beredodnidn esntt al cru
I U that is di sselewhide | op g v & maovaéhse o t
eci pitat esedwraitregr Urimbveemogeneousl y distributed i
i ng ltoobgdhean resi dellyeartsimeomMpar ed gt @ i tmee ocea
1®yea¢ €pl odner , Edmondn & hBoywylpen bDT®ER), U con
ne aswaiteéound arounldn 3t 1Be pygdttuarsakulzlomeb, bawhaees
conser vaantdi vceolnycent rati on correl atks, | Matelairey, t&
Knauss, 1977; Saari, Schuomiaweux dhliaggruceet n o fda tLiaonm u x ,
in aqueous salepteina@rss omodtelmper atur e, pressur e, p
behpccurr edcoer mifngc dmpglaenxds, on kinetics of |

i on( £ha beats s&ls. , 200 3; Liu, Shi, & Zachar a,

T O - cCc oS5 DS

t
0
9

= 0 on

i
t
)

O = =
WDT D

As was endarbtoiveen i nUs oilsnbdleea reducing conditions

precipitate as i pnsdluublteh eursaoniunbiitlei tWYO can increa
formati ons offl waraindbbeu compl exes and above pH 7 by
i of€habaux et Atl .t hse2 8EBrftahc e, U can be highly mob
affinity to forammmrdmrpl ei e mpnh exewi,de range of pH
can be additionally increased by the formati on
(car bonahatenmh wg(@Ehaumiicc and KfFiudgandeeawvliidohment

near pH 7, compl exes with carbonate and phospha
saline groundwat er ,anah Itdormed ee,d essu | bpehcadineq uir mpor t an
13, )Ee€habaux et dll.i,, . @2600083c)e Pamaeiidrs i mdlsiol i ty

contrioyy keedd pti on. The el ement al adsorption onto
parameters such as temperatur e, c ataina@nitcheex chan

chemical c h atrhaec tseoli ishidibcdno s W li ms t ed by strong ads
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ommi ner al surface i nspeciplHs eaaddpirsedddhmpiea tsic at
of strong corpliexsicihhg eagants.ThCel H;r eBcernces! loif, c2a
in solution restrains U retenthenotomero mmame,r a

acids significantly increase U 66€Ghpbaor ent al
20Q8R)special case odddlorapltsiogmttimne alsihheibhes aAswhi
mobility. How colloids clhdegeandsy @an ltahegec dmp
structure, and size distribution of coll oids.

Mnand-oklyhydr oximdes aanrdd flud vi ¢ aci ds (aPloorncge Iwiit,h
200ARN0otihmport anto tmoabmp labt pl ogi cal and microbi o
i soils andThwarnrerar e nuime rwbi{sZ¢dpjdant howea wrseduced t o
ncluding direct biotic trandfbfmaénoor gnadi am

i
i
such asr esdudcfiantge,d uicn onrg , and f.e rMrmernd dmmegd ubcatcitoenr i
can @plioecamesdabi otic redoactcitvenmbyeraldeoxand sol ut
or S tblefairdeng mineral s, aqueous Fe(l 1), sul fi
(Chabaux et al .al .200283015St yWeal let& o ke umht oltzhe s 2
mechani sms can decrease or increase U mobilit
(7]
& 100 - - > 2 100 .
'S ] /” U0,MPO,) / O Th(HPO,)} /Th(OH),
o / : * X [U0,(C0,); 2 / /
o 80 | \ / o 807 / /
£ \ | 3 Nrnso. / \
03 \ 'y,‘ ﬁ 60 \/ ~ThHE ’/ \
o 1\ UO,(CO,)T © | \ ‘\r'n](upoi)‘; \
3 N | E ] Y/
3 //}' \ o Thl"“/ ThF, f‘/ \\
n A\ / N\ 7] 20-%\ \ /
= )/ \\— UO,HPO! / [\ \ 2 2 4 k
T ¥ o R P & ) A S AW
s —_———— e Y Tsor
o~ 6 8 10 ° 2 ‘4 6 8 10
pH pH

Fi gud8e DistriUb(uteefatd) (drhi glhotmpl exes as a f
preacse of | igéahdeagmni waté®78; Langmuir §

1.2.2 Th occurrence and properties

Thorium is a naturally occur(rWincgk | readceirq a choi uvree
Dor hout., T2h0e0 8pd 2t oxtiadati on state for Th on th
both in minerals and when dissolved in solut
circumstances. Th in gener al has a | arger i on
number . Thhe hceaauwsieesr thucl i de U to be more eas
than the lighter nuclide Th at a given oxidat.
actinide cBmmdy.,ac20T@h3e)r ef ore, Th di ffusion in s
because of its | @aYae O1 m&n ,anG@r meha,r IgENE)h mms t

common Th compound i s, twbricbmhdsowiedyg TlhW so
temperatures and ,i nainkdjteonds ¢$ ol btei @emg i ched i n
(Wickleder .etHoavlever200@8eichamicsounydepbdtheotns

on the ability to form complexes with other
controlled by its esbibdatthy wiot hf oirmop rcgoampil ce xa nd

solubility i1s Iimited by the formatibount oift tcha
i ncrease wid e b edypadkLlayn g mu i r & Herman,sut9®&0p ;
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groundwaters Th compl exes,pmas mh gt ev,i tdand ulh f chrt @x i d
can also form strong organic chimpu3eexels.gvt t h humi
Th is found in smal.l amounts in most rocks and
abundant Etstpami Hl tcan be | ocated in ore deposits
fractional crystalliza€Cuoney of 2@@% sk kc&lairsttdy niahgema ¢
Th concentration is 10.5 pg/g in the Hupp&r crus
Gao, .2M08)he primitive mantl e, the concentration
29.8 ng/g (in chomnhRalimaeNed |I0qg &EP6H& yrewp/chhemi stry o
shows its preference for acidic rocks, where it:
mostly in granites. I n natur e, Th does not occu
oxides (thorianite), silicates (thorite), and ph
rare earth phosphate minesalup mond2i t% .o f Molrha zpihtoe
andi sotufnd i n i gn eTohues hriogchkess t concentr atiioons of T
i gneous rocks of granite composition and some sft
geol ogi cal circumstances, Th -fi ar miong i micoermpalrat a
may be enriched in specific mineralsadtoedsuch ¢
(Choppin, Liljen@d;n,| n& eRyndabteirogn,al 2 0At omi tn Ener gy
water, Th exists at very | ow con®Rarntgreatsi vras, daefr
Loef f & Gei bert, 2008 ; s Bavlalr zame kn t @Q0O0OBh is al s
ocean from | and via riveRst genrds twanm i gemolbeefpfar &
2008)The primary anthropogenic sources of Th rel
and Th mining, milling and processimg, tainmd proc
phosphate fertil-fiizreed putoidluict ii @s,( Jamad Ri@@ &) s.t,r i al
I'n natur al water s, Th i s consirdari eodh utddoirbe a hi
a ea n, it is efficiently removed from the
r i resi denceTh i axehhiilasf fasgmuietoyw sf sy sp @mtsi. c | e
esh and marine waters. Because of 1its
i ner al surface. Even at pH as | ow as 2, T
roxi deasl.aolsht rhoansg af fci mmattyt efrorasadmaamigéawyn d
eased from aqui f e(rChrabnacurxalest bayl .we a20h0e3)i ng

-~
- un O

t r
ing
bot

303

h
n

_‘j'_"_o_’_"
P T S5 € T
- Qo o

1.3 UandTh Isotopes

1.3.1 Uisotopes

Nat ur adormpaad hree 280 hHae®8.They are all radioact:i
decawi mf pheac da® and ar e prriamoirodn,uacMFé&dreeeas t he

hi ghest abundance of 99ifRRiZ¥%ofdand7thefBobhasgeahns] f
an abundance of-l0f®8Z®f7a0Md nai |HF&lofocygernssas a deca
produ*® aonfd has an abundandd ftefzs 0®.. RU¥H4 % drdd oan hyeel
(Kénya & Nagychaona8beéeristdicbalalre@wWik.lhinmahrei zheel p of

23 afd®™® londihabkf it is pokeibbhelitestel hicstdat e of
system, t oathioateh d nffoorrnmats oat mdbs ghet B aganndd hydr os p |
onsubsequent terrestrial processing viaadongoing
glaci al events thr ougthdoauwtg hgt eedd opgaiicha | s i dérntee.r Phaarlefr
of*Yhas been utilized as chronometers and tracer s
and geochemical sciences, with r esscpaelcet rteos epaarlceho c
spanning the |larsdg difaltfhenill(dAtine eQusaetne rentarayl ., 2017,

et al .A 22m0a®I3l]) addi ti onal cont?Unrayt i coonme of rtchne tahbeu
decay of*Cemxeandchas been used in cosmochemistry t
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t he early s(oStairr | sywgt endal | i dahm, ad&diPtotriwee | It io,
af or emenisiod mgpeml | abu’l amare alfso occur natur
from neaptone prodese®FVBwi<tHiBU et al ., 2017;

Froehl i ch, Fifield, .Turner, & Schaefer, 2015)

TablleCharacteristic of studi ed rmeammhertsh.icscf tWbh ess

Characteri s 23p 239 239 23F h 237 h

Hatlfi fe (yeed. 47° 7.048 2.455 1.14 41°07.54*

Natur al abund 99. 2 0.72 0.00¢ 99. 872 0.02
Typedefcay Al phi Al phi Al phi Al pha Al phi

U isotope fractionation

Anndi sturbed isotopic system can be consider e

radioactive i sotopt iisnteirmieldaratto orhdti naf id e

system behavioff oirsrallg oawdited eidethiead e i s no exch

daughter i sodwmprasumdvitmgytameadi onunséti dessystem

ar e i n radi oanc(Fi g @ r)epag Wivl idberdi ut hat the systen

approxi matledsgf l10Ohdalldngest .Cheadedpaagumgiht educt
i sotopareant mol |l ed only by tHet bcadvibeeechet aye de
roduct is not in radioactive equil i byrtihuem at
get loif s ceavrenbte cal cul at edl W3 t Wthieshet hdee dd yneE s.i n(
racti onast ioofn -gparuogchetse r s e p aOnactei otnh es apharrdoeendtc | i d e
r its intermediate enter or depart from the
aughi@aei onhuaclIfifdee p e rdacoodmpaanrda balte si ze of the sy
adiiovaec te quwilhiéb rdiiush mr bleel dUsTehr s @eser al natural p
re capable of disrupting closed system behav
I m hreat ur al edhiisrod mmpesmalalv edi f f earletnhcoeu g M smawsesr
ercent ( %) -mio( radl efveed spiesrot opi ¢ clamaachted @emwae d on
Ander sen et al ., 2017soBopidohractalobhad?2 @&G3)
h y scihceomi c al procesasbdanglkeati nrbeefiuwretkanind d ght and
sot(opershaecke & Kiybercald9daa)ldommamdoyp rel at ed
eochemical pr ocestsieasl trmahi Iciaziasites aptroepf desroemen od e
adi ocoactsveniketome fractionated during proce
hemibeala,vsiuocrhcraysst al | i zat ipdira,s edichsamlget, i opnar t i a
dsorption, degassing, ox,bdabyonhhe qdBeoatridlome f €
0OQ03he main mechanisms controlling the U isot
ssociation with many different chemidalg tr an:
uri n-gempe&r at ure pr oces spersoc eshsee gmiofsft e ceommoso |
U i sotopesdi fpfreerseemtt riendox st ate, mi cr pabnidal me ©
t he al pha r(ekcloeiils cphreoc,e s1s9 8 2 ; Suksi , Rasil ai ne
Kyser, Geagea, & Chipley, 201 4; Weyer et al .,

O - 0 0 ™o T T

OO NDYO T~TQ TTT /T
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The®/?2® raPeocent vair#dAdt iaens viny ratios have bee

natur al terresteaspdcienyliegmpiemalhawuw e terrestrial e
(Andersen, Erel, & Bourdon, 2009; Andersen et al
al ., .20adpuyral waters ar#d,gamé&ibleyacenviitclyed aitm o
can devi atselctrraodm otahcptuVebrlum b y( Grhoar bea utxh aent 1a01% |,
200 3; Riotte &ACEthabankxsmlBBAaddicyeamuielsi tsruiclhm bet w
239 h3lﬂ t Bel pha recoil process. Here the radioacti
fmoits inititdaéeeneogytobnhlbiphsddsphgacement of the
atom andchadges i nocthleeni palysipcoperties of the r
damasgbe host( Ohmianbearuaxl et TBhe , prRrOOSBNentxJal sdi ssolu
mai nl y cadiisreedctbyfdl dasghobér i sotope into the aqu

the emissipmaopaonhéche and two beta particles, [
ofV tPW(Ki goshiOt hp? ol hat afc@®uretnri chment may be
enhanced o?(dSautkison edf dé& nadwzxz®W6)damage of the mine
near?®d hkeecay product, chemical differences bet we:
radi oactive isotopers ancdarmhmkei dadtaidopnr sdafai altl al . , 2
Fl eischer, 1982;ABakes iddtkpiald n a x 2@ @l O
fractiiomashowoncepauaFi qqad#ielwlhiich was byrst pres
Ordo-Regi |l (Bt deRlteegz | , Schl ei ffer , . Adloorfdfi,n g& tRoo etshsel
model , the de?ly( eglfign)ducpusoifed by alpha recoil i
rock matrix where oxygen a?*Tohnke cac@lemualtaotne ar ou
accumul ates small eri,toxyhgee no xa tticanls *danfrn pusatd: 8 e

the end of the r e?@doisl ptrreeduedcdtdo rd/e c awh elpreoed ct of
23Pa in the more mohbiisl ec rugBMle)s esatcaet ei. Ut memdval ence

2. To obt &fIn?%n otraabcltel onati on due®*® omuvwsal ehnacvee di f
been preseb(!l VYn s$hate( Oond Reigt oty ali me 1989; Suk:s
200A3 st8MAY ratsisensitive to the recoil effect |
seculaain oaqui vebrium in a solid mineral or water.
~20nm
-------- t’

> 238@4'*' 234Th ;—g_': Accumulation of

T,‘f’ oxygen atoms
o—b

(./ 23 4114; g Reconl

U source v B
234m Pa
B =
o 234U 6+ _) 230Th

Recoil

Fi ga4 e A nootdredx i d ebtaiserd U f r(aSutkisoin aetti oa

TypicalPU¥38 trtae i os of the dissolved B3Uwill depe
al pihmduced redlf ®&tciten itho t he ordinary mobilization
a broad range of factors, suchi asoredak weatherti
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d preci{pntdetbsen ¢t TaherteH&@®/@9 rati o <can h a
formation about the enviFommendmpliwderief Ut lwe s
henvi ronment®Uif Iraw, ottwe | I be higher, owing
pha rlddietcitamiagthegr U ratio was associated wi
ntribution fridmar gandyundhatbamnu x ,& RElhssa s sDu r2 0n0g
dman, -TRerial,t &/esterl und, & Laudon, 2016 ; Ri c
, ,t12h0e@ )y resi dence t(iLma mafn egnowndwat2drl 6; Sc
L4)di fferenceqd Dunamd net,alaadygrc 12i0MaR)ebi nson,
| shaw, & Hendewsasenal 2068pBBeofetd(tatis al wa
han that of in U(¥lhlat The B0 ondodidki zed dur
ecayUt owhich resultsThetrldewsopimnMobprddwmdtionwer e
tripped of some arhee crharoen ss u saalp ttihlulse bteac o x i da
d more | each(akbdleo (W, )T d-®&rmw i h, Z8Meoss & Hal
rrestrial *Watlersss rfefolmrectthe sol i2d9, anyd edids mlige
P8 actiwvatiyos hitdhleecut Banequil i bribuufiivianl ue ¢
ained residual sedi ments in sohrisytdrtdd s us p:
t irvattiyo i s .| @8weawathearn i hpsrteasnac /S8 act irvattiyo

1. 14(A0dO&04en et al ., 20Q7 ;whRd ®i nrsiovne re twad
undwat @remosnuslad ldfderex ce€bBabaux et alTheg 2008
e f3-8°%8 di sequiddrtriiruemtianl surface waters car

degree of continental weat hering or miXxi |

teArsder sen et al ., 2007Th&Kkodi hsEend rardchlbet w
in seawater presents information about weat
thd Hpaser son, 200 2; Rfodbdi intsioonn-dekbtt ya It .an,Jo n2n@ QA 4
as carbonat es, i ron oxides, amedusuaglahy
ct e?PUiP2Bac thiyvattiyos significantly WfIgher tF
ization from detri?fYalenmatcthenenéand nc aws ir g
s and(PaecsdhrwalNiechlol s, Neymar k, & Rajaram
l el n198 LB atcharvaittiyo can al so ,i whreena g é ea |
cipitati on?3 reonm iac hperde vsioo ul s (Wantdeerr sveans, o/lasna
, RicklI i, & Hudson, 2013; Chabaux et al
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The®*®/?%® raNdto so |l ong ago it was3#%¥Us umdd ot lwats
a constamtyivia.l8mBe)r sol ArStxeygteem &, JAget , badd U} e
was thought to be too heavy to uvandeérgas suged
ichi scriminately Her itlsRRbapgda qguolsaco ddd igyo ol ogy

I n recent yearsasitdmri fdiicsacnotd?@fitya sodnr a alxehlei ty i

terrestri al and extratdthest rmis@dunnip hwamioantmeonn s
2P ratios i-lneveéle( pleragnee | been wi ddIBy echomewrkant
Bor g, Hut cheon, Shar p, & Anbar, 2010; Gol dmai
Wadhwa, 2015; Stirling et al ., 2007 ;.Thiessot ¢
natural variabilitye*?®ff*Umaorad itohdmr0.a0 3 %nigre toH |
has been primarily associated with the, vari ab
adsorption,anas Idei@&c liiondg herumad ceyarra nmiiice (dru s hi f t

Hi guchu, Har uno, Nomur a, & Suzuki , 2006 ; No mt

20PpThe nuclear fied$ dlitsdoitifonpeefffract i onati on be
|l ear volumes and electron density distribu
ect was predicted on heavy masmges wddcdurl air
oxi ddtSicdhra udtl etQexeadmp/l)enat | e uld. h sT?’Adel swc | eus

moerley Itiok | owle eimpgloeecst ruotmndser r educti on, owi ng
an?heucl eust hef o wtoldelsnucl ear fnelt td-pesbefbD ef

o "0

nu
ef
t h
i s
t h
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vi br atfiremalde mviodsvyes el ectr omc oenxfcihgaundgset d rioem . t e
el ectroasi gumitthi cant probability of bépng near
configurhaetfioeacst dn i sotiespe oflrgga ateddo nvad i ioaabl e neut
numbers inhlbokerpae bhaeWhemrg WhWwlr)gyi s rediiced to U
el ectrons are usually exchanged and heavier u i
Despite the small ntd¥s sa nédi fafhddresitric @ o ¢ ieth @v eteme
crystali bhlaast thieceen, sihroiwmg trhed u adt i potnh iast iesfgftueocl tibler i um
three ti mescoamsp atlrerdgn® o msid¢fnoat her staspl enassot ope
dependent vi HrBdtgiedredls eanf,f Q196 ; Schauble, 2007)
Drivenpart by nuclear field shift effects, U i:
u(vahd its abundtasnakesnUsedomepes poteddxkal trad
condittaoa omsconstruct the redox evolJuespaciodl tyhei m
| otwemper ature aquddAdngdegseahemi attrry 2014, Dahl et

Bremvcka, Weyer, & Anbar, 2013, Noor dmann, Weyer
Mor e 1 thoafn U iiwartiogpt i on was f owmud fianc et( &Srarimepd tiersiga | n
et al ., 2007; Wadneéis elasalst | maldathegd obfy stihgeni fii ¢ «
fractionation of U isotopes, in particular durin
shales, compared to the relat iP¥WéVy obseirgridf ii man
ot her oceanistcWeperrenRaedhons®@h@®@®&Yi ronment al chang
in the past on a | ocal iontghg! phalsentali soadaowgpi cndherw

mar i ne Ualgmimpoirgaxaampoétehe useVFY trlmae Based on
the fluxes of rg,h eneiagnalliofdd# Wa Ir axtfl w8 vps esti mat ed

n rivteehes madlmd®. 88v@Aas sudopeastseedawlahteergl obal seawal
alue is a little | ower than the mean value of I
sink from the oceans predominant P¥FP¥ractionat

i o (Maldeesen et al ., 2015, T946t &XobDbadmaasn, e20
23 di sequiid i dIrd wmat oprlonticsi m@gni t or redox conc

at

h é

i oremediation and mihRaomd, elyddgtartdm,n bdhrdd ers,
009; Brennecka,.| Boentagg, n eetiiead W n gs2raalrrde raHam
ifferenc® mé¥weas obseéeesvsesed Condon, McLean, & N
xce€¥Ps habdbeen detected in carbonaceoasdchondrit
[ umi-miucmh i nclusions in EeERteaneckastWesgkr mateéer ia:
Stirling etdidti gnal0l0y,) it is also necessary for
coup’P8PAY at®b?Pb data sets to deter mi-khle anod e accu
PbPb geoch¢(Bnehogygka, Bor g, et al ., 2010; Gol dma
201 2; Stirling et al .An 20x05 ;A cie gsghrarnattell | i@ a t, o ReD 0 8
2Cmti(z= 15.6 million wiethsal pihmatd ediegpiymportant i n
cosmochemi stry howpruondes s trmwndliindjes werfeosynt hesi
under sttamediaaggt r ophysi cal contekBl @ake s&!| Schisgmmer
1973)

Ant hropogenic U osiotAmmics scuoempf or measuring natu
variabithepoyenti al cwintammihm atpiod®Inli wt ibon of natur
samples from the nucl ear industry and weapons

concentration st antdeadcds Mmader o mhdBfbloggani c
come from nucl ear?f ii ss iemnciafnin edtsc adrb p°Jet €d om
the U residual product, which(@agnbbeusgedain, péhn

Ant hropogenic U is therefore wadsisgpmiefaidc arctr oesfsf d
areas that have been exposed to deplfeuweeld U, su
produptaaons or in soils froml wpad, zGhenegeaynd &ePa

20009; Oliver, Gr aham, MacKenzi e, El | am, & Far mer
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Additionaldtyacehemuntsadfound in environment

sampl es mnaanidbléyas i ntroduced by nucl ear weapon
gener,aeipoocoefs siptesguel , and nucl ediSakagotcbri atc
2009; SteieTfThet el birseo t2dPedh )atatd mlsy aihmeproarctdaenrti st i
f oernvironment al monntoleag, shtiegahsdsfand nucl
(Boulyga et al ., 20.1289;d ek reirsntiocnaé¢ i omal was 20 &6 o
i mportant i ndriecmttioat et ot ygpiefsf eo f environment al

(Donohue, 1998, Sakagushipretdueéed, bg008F neutr
233 (% with thermal neutromsoPacGhbygpr sbe Bl pht
Manmdg, & SeabMerags, urle9nsdinft® iosfot opi ¢ ratios are ¢

the environment al monitoriag af tcaoeamifmat etdr
identification of anthr opog(eBwoiucl ylg ap reets eanlt. ,i n2 C
et al .2°0/P2® 089t 1i os in a spent fuel rpo8tareroet:t
al ., ,2w88)e in natural &pyleeolcoc( rrulrmpch yored.s arlat,i c
Al so, nucl ear safeguard pr ogr anusn dsaenek st o fd ani @
size particles, wher® amrfdmamlagus namecants aot i fi
enri chment or dé Bloedt ygm procdsses2015; . Wieser
Recentl y33 whendetechmdnt ol esna?ipAde sr, attihee can b
established as a tracer foradiicaacti inveavbdmings iba
the ratio was fOUHO( Bait we2edtrR 0410. 1

1.3.2 Thisotopes

l mnatur al envi r oqinbehn ti,s pAfTdgdf€eg 2R h T h 2°F h and
2%Fh The most sotamahegedmi tt*Fmgpr i mordi al radioacti
fram?®fPh deca,ywidadmraiteusr a l abundance -loiff ©80f98 % a

14.05 billitdre mpeartsa.ntAnfch tesdttdfPémgr adiabapbai ve
decay pr odu’dst dferccary tshaat dntesr al abu®d amae-ao fh ad .f 0
| i fteyzof7 5, 400t ty@@larisestOopgcur onl y (ikKnd ntyraa c& Naangoyu,
2018%Hh a3 ffdhare the most commonly oewiutdeido Th
relativel-yi fleo,nghihgh f ngtamda lap apthtaindlaen.c @lodr at i o
characteristics Tarbd eJkmmarriazdeidoaict i ve 1 sotope
i nvestigate many geodwrgiacwdr ptriomesseal adhasi mic
periodaaprdbeen used to track the @magiimse of
envirobeameattsteeiorf di fferent (slowar ®ds ailn ,t 2 0BG e
der Loeff & .Geanbet uamWRiGr@Bregment , Th is of inte
tracer of sediment mixing -nedcasv@Swamugesloir,
200Bpnp sediment, Th has been used as a source
be mobilized to the water c¢ollRunng earnsd vbharn& doefr il
Geibert.Th2088Y opkbdbebavesed to trace the seas
continen(t@ilurdcuhst& Sartion,de20ed8mi ne particle r e
vel ocity of particles, export of apédrt heulratt e
constants and turnover times for tHhHeBacwmag Wl at
Anderson, 1982; Baskaran, Santschi, Benoit, &
1966)

Th i siocdomposition

nat ur &% h wacsremasinlcy udedi Wi tdetadbstmaccachalhbks
ay mandrakmains adsorbed onto pai thigc uloati g s
solubilityhemnefdordiast icoanrsri ed in the particul

-0 —
5 — S
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(Bischoff & Fitzpatri ck®hlog%&irdb&acagiket toretmiader, al2:
aruwesually from the carbonate pr & hipnigtmaotwi hoinn of U f
the materi al from tH@& atada oprc e dReeg arledcl@eeysrsa ffoef. t h e
di fferent solubility of piUt aatnedd Tfhr,o nc awabtoenrat rma yp r a
det r?*Rhalt r dmpetdhe c al(cCihtach ama.t ,reitX0aD) Bst Ri0OHD 3 hot

possible todertem@Vwmd palylsically, vari ous anal ytic

mat hemat i c ahla vrae tbheoedns t de vced rorpeecdt for detrital Th
car bomaattes( Kaluf man, AB9@3)yesult, it has been gener
t h26Ph%fh activity rattilperies ilowaerpdssinbi2loity of an
coami nation in carsf®@maatde [Soawmk, s@&m@Blcdhhwi et er s, 2 0 (
2007hi s is MNeslegdaetst ngnapplicbausamad)] yewh cal cul ati
ages from radioactive decay 208U, ngiwdhThtenh r el at i o
di fference in U and Th isotopes in rocks are us
detradmtlami naatoiramal |y in caBbsohotf nkdt € XFZIp;atric
Garnett etCoalr.e,ct20o0n4)f or such i mpure carbonates
an assumé®®@h%mh triaatli o. For continental carbonates

i s uWdadwi g & Pacheust, f2002mays i oer cacthidWmt @fs i nit i c
corrected witht&a#®Ph/¥hegsamdmt inf t {Rolboomaslonseawat
al ., .2004)

Th i sot ap e braggnsi iomportant role as an additional
i n characterizing a broad spectrum of natur al
mechani sms of climate and environment al changes
ti mescal e, human evolution, oceanographic proces
magmat i c f Boue doas et al ., 200 3; 1 2Af&2[Tohv i ¢ h & H
di sequilibrium <can provide famr iimpwedtaingatdea@c hre
vol canol og(i Balplr oecteTssleiss atahp &}y so be explupited to
rock interactions amdizatioasiof hyatXeg eQdnieangi c a |
etl ., 2016; KopVbovapetdaktyidO@ibpon among the di
igenerally assumed to mostly depend on the behavi
i sotope, especially on theiThedsesptived boadol obal
i s expecte’@ht®d havieoal ower than 1, for exampl e i
wat,eamd grounddwaeernrw the preferential .l eaching

Conversely, the suspendeé®hi® adatiiso egmpeatterd ttloa m a
in river s,eachidmewetast,hes @idli s oick sorfitem?*Bwpdori n U

peat ltarnadmped i n authdwewmdrc, psaogmed csleediPm®Eht s al so h
rat wer | ohan 1, vahtitch bluasedbeeon t he rol e of organi
and mobi I(iDzoismsget h Bour donT he& eT uwanse ba&leg200#1t8i) o n

t hah?€Ph?*fh ratio in the dissswinvedel aovad eofs hreidver ¢ h
Ri vse dr ai ni nga pcpaerabra vadoi g $H°€ h%¥*Fh r étaino tthose drai nin

silicates and this was explainedDbysat bj gho Wy dbn
Gaill ardet, All égre, & Filizol a,l n2@a6;unkovag etracs,,
weat hesiagdomi f®mt i nlt wx goafmwm&EWRFPehr r at i o will be
similar to bul k-bagui hgbreaanrdicnks pihfasTens weat her at
(Porcelli, . ThEOPHY*PRO0OOEB8)Ii vity ratio in groundwater :

1.0 t(ol vianovich, Tel |l am, Longwwhermhe t&heMoamwaghame
has ©S83Luo, Ku, Roback, .Mwmwreetldire, r&a ohcertiwigl,l 2 0 0 (
depemd the type of the examined aquifer.
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1.4 Behavior of Uand Th Isotopesin Karst Environment

Karstic car bonalt4e% roofc kigh ed cBraetrt hlax oaoned d0d of t
word dpopul at ikoanr srteilciaessqgaompfoerrtsant fr egqdtlwatder& r e
Wil |i amgK,ars@ environment provides a valwuable
since carbonate weathering in the watersheds
and epi kar tZ.s tCrhieamt rrCeasabona® Wadheur at edul at es
myriad of mi cropor e, fcd ss s a f e ,ecpoankdduri dttrs,a ¢ tcuarvee s 1
sinkhodreédsontroll ed by rock and (gHaorutnmawant eat céah
201 Kpr st aagrweirfiearncal ly dependent upon hydrol o
chamgecausshoweygppatiall yfiviari atbil en,r agpndl t meir
contd odyl ehneterogené®Rasbper mPabri cty& Kogovsek,
Karsystems are challdeegtogt bPaevhebemegéBseous (e
The ptreaecien of calciswpecsaabonated i ni ver s cal
formathain can hanétl dethtikeagesntti ¢ e hwiurad o me h & X

settingn ppuhkeaigpi tate under whpedhi &lanc hiradiiet ii o g

t he regional cléematere wanheér chempstry, di sch
characteristics of the river water and the su
us e, but also the microenvironment at the | oc

componentuwsdc aans ehpaail remwn me nt(aCla paerzzhiiod é s Gandi n,
2014; Pedl ey, 1990)

The potenti al sources of U in kareft dastrs
part,i clliemest one host rock and sobtkvdaawayer , <
been considered as the primary @olrheeas eftoral U e
Ui awat-eol ubl e el ement and i s susceptible to di
concentration can record the composition of
precipl hatceodh.trast, Th generally exhibits mu
carbonates, owing to (iZthsaol o&w Zshcelnuwhaieliatiyd di s yvsa
di ssolvsednUt @ei form of wuranyl and urahyl ecankt
anoxic sediment s, U can be taken(ltpabhgvicahbé

Har mon,.| &% @2 )thivé r anne nstol ubfifliintiyt yanmad ai gher p
8) alméd n c rdd ans esamifilasc i daidtsaotrept i dnt o carbonate sur

precipitati 6. wChhncatcate, 2016; Kelly, Rasb
Kemner , TROOBN al soi het cfaptauarbonat es. Due to

reactive and insolubl e ipr sairfdiatbetitevadsrip,o05bi W
thdathfromliciclastic detrital windatl erbiealt rappre da:
cal citd Chatbraiux et al ., 200 3; Rovan et al ., 2 C
& Zou,.IX01k4a)r sti c wat?@8¥P*9 tahcet idviistsyolrvaetdi o i s hi
secul ari vengquafl itbre U i sotopes because of the a
been used as a tracer of groundwater and rive
rock composition and hydraulicdtengacctanbnsuimr
recdtde f ferent sources of water mi xi ng, bedr oc|
water d{(Bobadge et al., 2009; Chabaux et al .,
al ., 2020, 2®AL;, . ROMa@$ dbleiepreccven t o be a usef
identifying yddegcbarborat ead . , 2003; .14hao, Z
saturated carbonate waters, dppiasenmepef razti @
transferred into carbonate precipitation of a
the marine meadbiomageofogi cal P8t carct ibvy tiyt s al
(Andersen, Stirling, Zi mmer mann, & Haloluiiday,

201 Hpwever, the presence of detrital carbona
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239P3 actividfy diassmoml ved U (Rov&a¥Wr¥Et i sadbtope2021
fractionation during precipitatienoofesalbabhtee
6he
It

fractionation at pH range of katfrdtskwatked b&. 0
same as the watear Iboicbaotreieoedr ehherml ., H2WE G T ,

is possi b3%®r*3 hiagottchppe fractionation in authigeni
upon the changing p:H, Mgodie"Cantcreeanaraha dogm@EOpt i on
on minera(Brsanrdacls, Wasyl enki , Bargaen, Weyer,
Romani el l o, & Anbar , 2017, Rovan et al ., 2021, S

15 UandTh Isotopic A nalysis

Measurement of U and Th isotopic compositions i |
accuracy to differenti atentbhieghweseanssimailvi tfyr atcot i e
small est amount d nofnariumdirB oisshoytgdapessKko-Eappe Kpneggerl
Macsi k, & St a.dell MmarnemcMQRtIC-HSHaercomes preferred t ool
preci se meafsulW eanrecht §h i s o taobpuincd arnactei oi ss oft corp elso va n d
i mited owammgl|l e the high absolutet setnison i ofi tiyoms
with trelmelctior detector bl-bakeddWfRard hioghlmaradr
sampl e guthtr ougrhpar ed t o meses mapd eyd torhdBMltt b aorné d e

et al ., 2004 ; Becker, 2005; Wi eser & Schwieters,
On the ot helrC-PhXx nids, aMGsrery compl ex instrument an
and pisotegaee® mdata, proper optimization is requil
When measuring i sotl €S frhagtierrofso rumma magge MCan be aff e
counstagistisgpeaenmrars,interferences arising fro
instrumaessalbi as, or sampl e matri X ef fects as a
el ements in t h(eAlsbaampéldee 2r@edt4raiIxBaxt er et al . | 2012
Wieser & Schwhetnesrntg,umehd5)itself could also, to ¢
various isotopes of the same ieslodfrrgaedt ii oan at inoann nien
nature, owingdaiolyhel dsmaeceadsei ansi gndf ceant d
of isotope amount ra¥aongfebmathe 2OWLB) val ue

A key hiedissuet o accurately determi nenddeemand Th i s
rat her small i sot optiltenfvri a cotninoernat to vaonra nd fofuerate risn a n
mo s t of i sotopic biases effects fromthehe analy
i naccuesatlet , either during sample pawmpanm@ti on 0]
interpretation makes good i siodloptiac jdaitra mmetamd chall
knowl edge about chemicaldadbeaclagussies casdof hengeatl iai
can arise from the wh®be ame &s Gt ePvkaqft Pprid®raesasl yt i
work and careful wiet hododscagmll opgmemtl | y sound mea
protacel very i mportant d nvalridideat etdo ngeuaasruarnetneeen t
TherefbirguSkeefylactaores prebanhtbhdve to be taken into
durismgnmplretr e,atsmempl e pmep sreqptairneataisyyrm e dhedat a
processudigng itnftd cahentat tfaohrn toyfh @ u dbkeise v d
guathdtivend Th isotope.ratio determinati on
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Sampling & sample
pretreatment Measurement

Blank analysis
Collection §

Matrix interferences
g Spectral interferences
Storage

Instrumental interferences

Accurate

Isotopic CRM

/ Matrix separation
- - Repeatability

Precision

Digestion / pre-concentration . . ’ .
— S— — Instrumental isotopic fractionation
Interference h T -

Cleaning Blank

Sample preparation Uncertainty calculation
& separation

Figube€omponamt saticngate deter mi nafai @mpmtbe
Il rrgeher et al ., 2016

1.5.1 Samplingands ample pretreatment

Theampldiemdf§nt he anal yti cwilt hprtohcee daunrael ysttiacratls p
wante be adibrreesmactad®e put on the quality of t
bi ggbke analytical problemhbdsescbmebeagdvenreoth
des.i glhhe samelf @klscoment al and si sadted/pilvc comealeyns r a
whehlmiegh ipomesia¥dess iDepdendi ng on t he smarlpytiengofma
inteamdttechniquesd thafowtl|l habetasbe put i nto
cont amifrraetei osnampl i Tdhecacmmtraiemer x.hoice of suita
container s, consumalhdteos werpndVadacédt pbrogedur
cont amifrraetei i@ mp Hef f mann, 2008)

The size of twki chngeéedsathgpedpconl tdetteed p

concentratiomnnaglfermédret mera sainmde unsaetde rainaall y Foc al r
Useries isotopic analysis,, ewhpiecrhi earrcee ss tsohroevd tit
higrensity polyet hyl emne p r(eHsDePrEt) abrio ¢ ith qoer g mta hh

det er mi naitd mtnopds U n (wWatdeerr seaammeltesal . |, 2016; L
Rovan, Kl emenci C, Gantar, & Prosen, 2015; Gr
Stewart, 2007; Kraemer & Brabets, 20W&terSkwar

sampl es that are not psaoncremicserdgd bheenemnhpgt el gc tad
against contaminati onampt osiesqgt ope satrfieirebt gheash ge
t hrougihmOparrbe sainzde afciildtiefrissd tdspHpPibatppewswen
to the particul ate mibheaonrt geimde rt ®o rtlereduweal lasiyof
activity(liSnO,wadilbedrelgus ir 2zel sodIsiadnpl e i s bdye ttehremi n e
grain size ,ofhet hheo moagteenreiialy of di seylrenweuntdi on o0
used anal ytGoclalle cmeetdh ordoc k s a rmdprlieesd ,a rcer uusshueadl |iyn
mortar to gasdnaf lbetrhei zer uy hedwmide s iae veyr ated ro
mm(l SO, . FO06ahe WUsanopilknamaaligsios, od& no mor e
sampdfes!l id matter is normally wused. I f the sa
pr oblwe mdheampl e matri X Bauwe dolms et vad ., 20009; Hu
Jia et al., 2008; Rodr i1 5guelz20@8mé, & Lozano,
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1.5.2 Sample preparation and separation

Priomads® specitsrootnepird canal ysi s, the transfor mat.
into a measurabl ¢dost dathe si pumnpossesarman.al yte must
acid sMasti esmptecy r omepchsmaei oni zati on, usual ly

removal and puri Espeaeci ahdl €®MSsampCgs.i s, transfor
i nvol vceosn cpernet r at i on faommhawaia&r dsgmpktéesn or extrac

samplesprdaed up with the sample in a |liquid for
di ssolved in a solution that can flkrrdgelernt | & i n
ProhaskaAs 2a0 I'dbe)asukt ul sampl e preparation procedu]
U and Th isotopes from the sample matrix and ot
i mprove the detection | imit, increase the sensit
especi ampywttohlwede landcdrhcent(rAndernsen et al ., 2
Bourdon et al ., 2003)

Environwetsdaanpl es raredyTloandmecentUrahevebk; above
ther ethye,mi cal met hodfsorarpeuri é yuinged and concentr ;
guantities of t hfe saenrdileystnan dnfimeianhtbedrse svta.t er sampl es
alreadwndsusiinwod waepioograt @emr ecopwi ahi @mrtomdd | 1)
hydr o¥Xied@Hal ci um pGa(sPpl),at@emanNganese MdRoxi de (
(Horwitz ;etJiad .et 1&19.2, 2008; Rodri15guez et al ., 2
2001; Vera Tomé, Jurado Vargas, & Martin Sanchez

I n the case ofuaaofti dysampfées, eat to be represe
i s ground t oanadlfiigno tpoiddweed | nT hmetnhedo ladt iacn dsan
be separated from undissolved so$dndplre sdidgues thiyormr
is generall ysaolsigdnpt ednthbr dabkbbhmpl es, which cont ai
arws udlilsy@ainde diigre smierdemiaXt @rcatsd i EIN@gcpiedr c(hl or i c
aciHCI)Ohydr ochl or ian baycd rdo f(lHi(Bl F)) (cCaarcriadsco Lourt au
Rubi o Montero, 2016; Il nn et al ., 2016; Jureci C e
& Lee, TROOB, Necemer , .Bi gBesnddiok liis@te)d by heati
mi crowave.Thiegresit eaolakmal i s s @alndé deeds it tah k afl U spieo n
or fusion withChrrhsom bhovuatas & Rubi o Montero,
Jureci ¢ et al ., 270aG4«;t rTaradritnmacceumipaarhent 2 WL 7 hi n a sp
soboisedi menti msametdabt,aolf djaslseoa cuntiinogn pr ocedur e can
Leachipgetsheenmbosval of a geocchfe ngpchlaibde cmeap o meaht
materials (engr,akadkenate FRmi and tMreg¢!| eammmbéi akbd wi t

analoyft ei ndwerriersg t he déeadsbupiobanofrom the solids.
indirect evidence for probable geochemical asso
these galochemponents and provide information re

which the el ement may be. rled ealsierdg taamalbyes dowvnier o
a shdrnte and withoudorntshwemiusg porfocteidmer es, and aggr
ad s soearsetwiotthal di(ds o IBwetnieadn k, Pintar, & Byrne, ]
Atomic Energy Agendw, nk991 ;. REdewmet A 9I9%aBBshi ng c an
providdi 6§bmeuwlutcihesas resadbkecpitviony aeaPbnextraction
i ncompl ete di ssolUu$adlwl tod ¢ tatrlagéertedsdens B s m sl

to be recognized and avoided t o tthhee ceadtbeonntatpeo s s
associated U and Tammpfkreafctt il oenasc hfsrnagmo et nheet és¢ u U e e d

(1 M-aNcaet at eacient i2¢c5 3 cMs5; dHNOM;, HNIO M HCI , 2% HCI , and
H0O;) ( Bourdon et al ., 2009; Garnett et al ., 2004;
2004 ; Strok & Smodi 90,1320 MWh;t aWarbe & Wak,ai?2 2006 ;
200Beganingf ul U and Tahl bies ootbotpaei nreadt iforsont aennvi r onm

mat eri all assirngbl ati on sy E£€REM wot il end nt snaMC s amp |
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treat ment ®HDlReemastseshefgh sensitivity. Thse samp
preparation of stohmen psod dtsibamimsgnaed any surface
promote stabWUmceérotnaibretaymswmiat h saimpd e si ze i s h
be achieved with using | arger sample sizes, k

mi crométzed ar ea (oGoltdhset esiacimpelr2e0 0Bh e rIS,p oRobi nson,
2016 ; van Cal steren & ThomaAn QVOBY i eMar gfa
preparation procedures fioprr els eanfitdebdl B nLs@dt opi c

Chemisaparati on

Af ttehre -cpmecent rati on or digestion step, it is i
from the matrix el enlemitss iasndmainnleyr ftedf e@me 8Tl €

measurements and the best possible mauaséeid ng b
for the dvmltirbrxatsiegpm.r ati on procedure, foll owin
stage protoeemdjsor emdlna cnwaltar i nterferences, suUC
interferences. Mol ecul ar i nteoff etbaces mbhnn&tis
i mpurity el ement s proexsiednetsi, it nPibtehte et ,rsaeRyiypgl een , ( PHog

chl ori d?ésh,H aannddan affect high precision measur
unwanted sigoBoul pylgense2Qhe@;s Pollington, Ki nmar

2016 ; Wi eser & .Sd¢ hmwil etrerisn,t e20 @%5)nces can occ
Nowadays, mastyardeda&mperant osepirotceioreU and Th
anal Aepider sen et al ., 29 mfpdr atGbbdnmetlavwgidon0 043r)

cation exchange chromatography, extraction «cf
separatipnegcapaddmobeanid uaarde based on diofrf erent
of the analyte and tWhe ionwvtepdesti mbdnedc bTBhMO D @ ht s
separation techhalgluessddidt isohnoawn yi,n aut omat ed s ¢
have also been devencorpedadsgeuahi th ©O60r tshaenpl & p
(Romaniell o et al ., .2015; Wefing et al ., 2017
One of the separmataindanifenbeybbdsi §oextraction

Chromatographic resins were developed specif
commercially availabédri uunesamd , t sturcdv aalsent ac
tetraval efEVActainmddne r emitlshPYer e mow wi del y us
U and Th purificatioBboygoa eétsoadlbpjc2@ahaj yEi Een
Gol dstein, Rodriguez, & Luj an, 1997; Layne &
2002; Stirling et al ., 2005; Ti ssot ThedDaupl
chr omat omarteeprhiiacd s arbkey cthiagha cdiestirzidbduri iMdN® c oe f f |
andor THhC.Ii non exchange @h monaalowabalpeh yme tshod
determination of U -andc@é&hlEewmiteplelsy ati ath texcha
as Doweédx 8AlBeaen used to separatdq Adrfiraem sma tFrais»s
Kel | y, Si mons, & Adams, 1992 :widendtle Edhwar &s Wa€
& Wasserbubgingl9®&8nwl)y i on exchange resin, U o
separated frothi ohe amdroxhe?kereut ah’di s (fO®a m
stable chloride complexes,ofdbanducThh@gmaurfifx c
(Adriaens .etThdrigsfodhi®O®PH) pr eci si wmsmegs uroa me ntth
one separ aneogenddtse@aTliifyr achrmpanssed t hrough a se
exchamgextcalwmdreng et kRbyamaplBakivehi ma, & N

1999)

Eacsheparation methbodtrequoirael of method bl an
because of possoblumnei $§ et o p(eAodfrriaaret ni so neatt i aoln. |, 1
Chen & Wasserburg, 1981; Oi , Koawweaaadbas, e tHmwesto e , &

resi dual ematt eaictadtshe el uent canUnegaflihvdalsytiop
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behiaodur i ng mea(@GRIiretmreng ska et al ., 20DRe Rovan
presence of organdensttihse ecsapseec iod| Uy sxparmaztti@om wi t
(t mmibut vyl phloBlp hatwadi €¢h o siowggsaend co fsHol runtiitozn,s Di et z,
Nel son, LaRosa, .T& Fraedutaen ,t hleQ 9d0r)gani c i nterferen
resin, paofeediemasiisggnigf i cant I|dN @ccaennptbreaact th iodne do &
puirchtiUnrofTh fConaectnitamsamdd HNOo gen Hy@)coaxni d e (
be mpl ocaytedt he end f®étrhedegaéaratcitowon of remaining or
S gnificantly increasing washoatboweest bet Weands
Th isotopGol dshehAbtelrA@B)vel mMatesedol smabbpiex cert
reference malt ba@aippl s edoul d

Trarcaeddi ti on

Sample preparasbbppikc eabhaanhdghsevnel c a | recoveries ce
considerably from rsRaampd e dloe meaampdined c d rsmd rotpri &t i C
composioi omass spect aowmeu alieltye meni insealtsobpye di | ut i on
met hoBaur e, ThleQwit’7gpe dil ution method is based on
i sotopic composition of an el ement in a mixture
unknown quantity ofThthdceor mal aelsememnt on, cont a
concentorratiisoont opfe a apamwmtsi cul ar el ement or el emen
composition has been changedsibyotetpeaastittumentofof on
t he ealdrdacer depends on t hea&nite aisuriemppepait tr @arete htnh atu et

must bepaf{({Bgpgtdstein, 2003)

FoU and Th isotopic composi-tgpent memetulrieaneme tsh av
| o4 ¢ vreadd i o d c¢ taicvee s ,2°09s?89, h*Phcsan uls( Fr ank , Kober, &
Mangi ni |, 2006 ; P02t rRebknsen at . al 2, 2004 ; Set h,
& Craig, whkirélastopi c measade menet s i wi dmMevé@dds, sh
tracd3 sanfd) are nor ma(ljyudgmialcd i Berdedi k et al ., 2
et al ., 2001; St (Toakb | &. 9 Mmadd iesnmra@® h@)apdediosi on
determine the relanmndvBhodobpreda moe xepiaeckskel vy
suc h?®32% h2°8-2?Ph, 20-Ft°9-22Phcaal beappl(ichdeng et al ., 201
Garnet't et al ., 2004 ; Hender son, Sl owey, & FIl ei s
al ., 200 2; Stirling, LE&E@®AI tCahrrn &toienglbywgn ddeTHa l | 1 da

i sotopic rationenecammtweamht and knowrA8FPE ootropi c r at
a doublreat@@®Ht®@e tihsatcomposed of two synthetically
desot naturally occWrthaltdgtehlei asbaneplient er nal corr
i nstrument al ma s s nteiasscurrsenti m@ae § ochummif nd heampl e mea
perf o(rAredler sen et al ., 2004 ; CondoGo!| Menb@an, No b
et al ., 2015; Lawrence Edwards et al ., .1987; Ti s
However, i nt s@méo chalsesspi ke met hotdhe sannaolty trieccad mr
us(eBoulyga et al ., 2015; Sakaguchi ¢ét ak. po26809]J
that the instrument cup configuration does not a
2 using ion?*¥Woahleusi mgpdFar acdlmhedméastoement s o
23 619 i ons ar e Imegdtuierseed cases, i nstead of the do
oft h®#et andamgl e bracketi ngd Amadteh sk ni stampl.i,ed004;
al ., .2016)

Tracers are normally standardized by mixing th
or acwalthbhctelbbaraddoagui Vebri um s tUarmdar a hf o rs owhipceh
abundances aféudeli g lkenPnraehpar ali9@2n Tolf tracer i sot
germdrly involve nucl ear reactions, foll owed by c
i sotéPpexa.di®™ can be prepared by neutP®h, and alop
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respecti ve?yh, iwsheaecmmonl|ly pr efdarseudy pBop dnsitlekiinn,g
2003 )After the ttlasaemplies, apdrdoapdeprt et reaqousislti bbrei u m
obtained for accurate IHN®i espiaddadalpaaiglee Gea me
mi xtur e taahddownf,t for which tracer and sampl e
chemi cqlPifearrmszka et al ., .2002; Stirling et a

Tabl2e Overview of sample preparationoal gsosedu

Evaporation

Ceprecipitatiagn with Fe( OH)
Coprecipitat(iPdih with Ca
Coprecipitatiron with MnO

Preoncentra
technique
(for water

=A =4 -4 =

Leaching
Laser abl ati on

T Mineral HAOI HEI HF)
T Microwave(dlgseedi om open)
Digestion te T Al kaline fusion
(for solid f Fusion with |ithium borate
l
)l

=

Extraction chromatography
| omxchange chromatography
Separation t 1T Extraction chromatbhgngphy
chromatography
1T Solvent extraction

==

Lonlg ved (8 A%0e¢%dh)

Mi xed spi((RE?7P hPB->Ths2°3-239-22P h)
Natural U i(3%e3pic ratio
Doubl e¥p30k e

Tracer addi

= =4 -4 =4

1.5.3 Instrumental methods
The analytical dmeehmddlatwosgre ddfroag d emsend mai nl y

what i sotopes are-lovebntdeeaty, mobdeir ahdl fi sk
various technigauuwest.i flyn Uo rachedr Ttho concemnheati ons
are two principal me a spue cetnreanme t meyt haondds , maas sp ha
(Gol dstein, 2003; Il vanoAl gha &s pHacrtmoonmet I 99 2)s
detection of al pha rmdrit@acdteacha yadb pmad ndet i dgs a
charged paons ctl eatdegiexce i nformation on the de:
which can be usedl pba eguwatl ed Hairdttell ldasghee ci f i C

activity, which is activi tayndptelre ruend dseum ft arhd €5

f oal phrmgectr OMai dg, Martin) maskKi mpe20tHApatry (
determining U andt hfdh meott bepe mmdag u @ stehi enr nuasl e
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ionization (TIMS), askeenatdar y (pAbhSs)nfaSaind)i,zati on (|
MS) | n-MEILCiPf f erecédanskeéespatsnidc,h a quadrupl-e mass fi
QMS), a magnet sector witlhCRBSsi mglod i ckectteoat ®ry sg yean

( MC CRS) and by usiomg (UeGHeG-RMSa bl altni al | i nstr ume
me as werleednent s or i sotopes ar e i pannidz edde,t escetpeadr autseidn
Faraday col-teunpBPssbaskenh EZrtgkhe& Jakubowski, 2

Choodihreg opti malt hoket Bodhi hati on of U and Th i sot
an easyYAlpask.spectrometry is a traditional radi
radionuclides emiandhpgt avipthas pame i eeffddelce i me st c
simple and rsfloirabd eanndetThhodanal ysi s. It is very s
hi gher detection Iimits and | owalrplpa ecpeasdtomometer )
requires |l ongfocoway$ivnege ktsi)measndl a | i mited precisio
in -l ewel concentrations, dWHeut& Rdhes,co2®M@8 ngVajtd

2012 )Mass s pce otert theopdtse hentst andard accepted met hod:
i sotdeteessr miwn dthi ddngyelsal in terms of sample size
i mit, anal ytical pr eTriasdiiotny, ¢ naanlhde tti emeh moif g uaen ad fy sa
achiirey the highest accuracy and precision of i
instrumpnboved anal,yti imealb f pmaaissasnpd e si ze requir e
Uand Th appltiopatiompared with decy. cbBlunCheg ®ec|
Wasserburg, 1981; Hou & 9P0/@xpga2BGEGBCREI hadner
emmrged as an alternatTilvM&xttee nBli M®@, skaaenpd es prefpar s
' i mited number of samples to be placed in sampl e
vacuum during. mMa@&RIS hearse nhh saowuigrhpg | e b a ssta mpad e
introduction, h pugth, shai ngphl emat shsr dbrudgshovlew t ideen ect i on |
(Gol dstein, 2003; Hou & Roos. TR Bfplpatdepenk& Sch
MCIl C-MSgener ated-fbgudbofb!l eonf iagauc@urn @athe pamdipgreci

determinati on otfh i prod mipeit @ Oroéastdbwni ¢ de et al ., 2

l nductively coupled plasma mass spectrometry
ductively coupled plasma mass spectrometry is
nNs i n an i ndaugmina eahigttsempplt adur Bhdlo® dlioyx Kl
parated anailsy tas poifr aitnetde rienstto t he pl asma source
essur eheavhpelree i s I mmedi at el yT od irsesgdautcheat edii and i
i de and nhydrfiedences that are produced at con\
asma, the sample can be alsepsiorlavtaetd nwgi tnhe bdurlyi zpelra
anhaecke,ekan Mocemne,r b&foDamed, i bh&6)are transferr
i ckenes into an expansi onancehnaanbbleirn,g hieolnds itno au nvd
personic ermpanbeosampbeti s | ost there. Behind
eus by a series of ion |l enses onto the entranc

ss sepaffmemr quadrupol e ompmsghatiigh seactuaurm, fi e
eifemg e separated according linho mokkCRBmass/ chal
eEment s, i ons ar e -Jfodhhmwssoendf dorubbegNi geometry, w
corporates an el ectrostatic analyzer, foll owe
ssing through the mass spe-dthreoimedtifeoce adsigainanc e
eubbe focusing conf i gwrpgpteido m e@mrko wsihdegse st It eh aft | at

r high precision Iisaoasopeemehsnrdmenrtted using

ltiplier or/ ambemne Faradawocoptions Ipow the in
r mall C-BtSi & sicnogllleect or i nstrument, which is equ!
ns are deteamneédt seqiuresittn ameéryt i s operated under

O—ZB_"—|'O__§3_"UJO""OO'OUJ_—
O O0OO0OCOIT >SS TVLOCLCITL— X =™ M®ODS

nditions. Anot - optsemn as ahmmethiCPolvhechohasts
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a set of parallel detector s, all owingtosi mul t e
charge ratios.s Ths$sallhnstopee@deg. umideed smagmne
condi {0Jakaeabowski, Hor sky, Roos, .VaM®esc Kk e, &
instrublmegtbefl®s uaelgui pped with multocpluetiFagad
col lscenhabling t he sSsimultaneous -omee@&s U moa&amebneta ms
(Gol dstein, 200 3; Wi edddi t&i oShcahiwiyet etrs , al2l0® )
di fferent sample introduction system$asan be
abl ation, gas chromatographlwintbhleeorpalqdu,i d Wecrhmr |
Kopajtic, & Gunther, 2004; KruppVM@&@ OGS ahrads, 2 0 (
bedarvel opeadde diinctaot ed t ool for isotopic analysi

precision.

Electrostatic

analyzer \

Lens system A \ /
5 h P
> /

ICP source A
Collectors with
R ¢ Faraday cups
' A and ion counters
.
l‘ /

Q
-'n.—
Bl g
: - —

Magnet

Figaet8chemati c-locCHRSt hien sM@ Numelnnst r ument

For U and Th iasotimupe ahadiiyssiuussee HNGr sampl e i
i nto pl aslima issoualcsea desirabl e otha enntH& ad jegimal Lt o
mi ni mize sampl eAdnkimoirtyo eeldldiybea mpl eorme netf feec t
tube has to be flushed between sample runs w
sampglGeo | dst eiAn grfz@®dt3g ean dMGIhC-RISanal ysats tilse t h
ionization effic(@ocpwers €hmetser &N .Magyver, &
di fferent protocols exist foC-MF(Badl Tatiabtpp
Pietruszka et al ., 200 2; Rubi n, 2001; Seth et
Nakai ,.|l@a09p)cal,Uprctod oples are méaradagdcby !l ak
for ma® sed,whilloew i nt®@ nison yse anmeraed si mul t aneou
t he-cioaomtohbeAnader sen et al ., 2004; Boul.yga et
This proabbelerdam med ins twhesequleacctiarylsée s e qu
sames belftohswe.cond sampsesn odditshemovike -¢ @anting
chanwmkeét®d i on bleaitmeas ur e’dd amsla s uartedEar aday
col | eMhtedtJ.i s det emmitweod diyfpfeesr eorft thdiest egnt @wvisd e s
estimaft t he @&rirfed at mveh gai-cno ubnetteme eann o afea ri aodna y
t h6dd i on beamoiudédensi tgct ed aott tdwmegua nacfe eych
(Pietruszka et al ., 2002; Seltyhpiectalalroun s Bf0o3r; |
i sotopic measOofleemeatoundwi6tdh ft bedn®@gcygeficern t i me
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samples and instrumépontal Dackhgrounof dlaeéa acqui
15 min and up to 1, hwhiimcchl adesadblackgmpluead measur
peak cent eriimngs ©fomipditdaflyg dumg 1t000 O( Blu |l yga et al .,
2016 ; Robi nson et al ., 2004 ; Sti MCIl @RS et al .,
mesaur ement pTrThh tnved Wef si mul t aneou%Phmeacr ement of
whet®®hi s meas urceodu nare’ffrlmmocdh Far ad@Balclol étecalor, 200C

Rubin, 2001; Seth et al . ,.F»p@08pmiwalthea mhanlkhd y& i Mak a i
it istbemeéaswuirmrulTthanebu®inye wielghk elsioen et al . |, 200 -
Stirling .éunhatl .e&aw|0yt0i)c alc opnrpeacriashiboeaecacnadr alt ne

at weequenacefiinresits ofthopi ¢ compo sandhodthin 4§ st oneeas ua red
moni torTfavddqguenceprroovu tdiemssd t het mamrarn eacntrdi oFnar ad ay
ion counter gain corrections.

Measurement related factors

Wi trhespect to U and THh GRS thoapsi ct waon amayjsoirs ,d rMGvb a c k

are paroeteseaot hem i nandbhresrleisgh pgleansemmaat ed i on sour
instapbhéenhyet and, p@@®drm2pbundanxemd&eMSt i vity of
instruments that allows the estimat(iTdnrdfwattHe ma

20Q1)Because of these disadvantagtets,ucrmerrietf the con
characterizati on noefartedliiaftfeedriedn & c emsesassruyr et 0 ensur e
accuracy and mpeeuwelitss on of the

Bl ank anlal ysi sery important tloevmedlnsitther atntad ylh &c log
i nt efroersti sot apild drsalnyesiesspsraorcye d uarwep eltr [leaonrlenn tai r e

met hiod f ol howbhd same manner,bas thebsesmamepl ef it bel
anal yte. Sources of cont ampilniantgi,o nd icgaens t d roingi, n aet xet
chemical esepeoftomnt he measurreahe nits ivteseyl fi.mpTolr & rae
tononi tor each pEregpma,matedryydeemndedmfy sources of coni
and t o tmodreitteodrt irhaotirh e ssitregplse i n t he sample prepara
and during the nidasrwgrechreent& iRBcelddkhae, d2Q k&)X i on

extremely | ow abundant i sotopes, thorough contr
l ow instrument al background |l evel s aff@er require
envirardsmempl es with minor U or Th isotopic dif
(Andersen et al ., 2007; Seth et al ., 2®109;3; Stir
Weyer et alnd, f2008s)ampl es, where the sampl e an
components from the natur al U(Baockggaurtd hhve RO
During measur-e@BRgtdi by e MEnt optriinms infst mamient a
bacrkogundp ocasrsei bl e. Depending on the isotopic syst
di fferent waybBerdroo mealswa.e The most common way i
(el ectrostatic analyzer) defl ecti on. l nstrumen:
backgmomumrsewi e b e aimmtghasotulgeh f 1 i ght tobelpeds a r es
wi || b e ameda stuhree dz er 0 me as ur.e nehnet sceacrno mdteo ogaktti avinn & ds
hamhswher e tnhaesshaplofsi ti onThios|l debe mwmagpguriemdent
for |l arge abundanTekettahirgpgeakecemoinssomg a bl ank
where a blank is recorded pri@©NKutlongthrumemtss r letmd
201Bdr U and Th isotope analystgpibatkgromondt mee
at half mass on e(Rdhkkirnsdormdeetofalt.he 2kk&kg B¢t h et
al ., .2000)
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Matrekf eéat MC-RIS, sever al types of matrix eff ec
Spectral maccunx wlidmrcdn el ement or mol ecule ov
of intespettr Bbemotag riixkgleddeée nediast samsi tivity &
bias, due to the presence of matrix el ements i
di fferences in the concentration and in the c
and the stahdapdesamde of organic mabehiak fr
amccurate result, efdndipuwrtif fmachatiik@ensa&mpalryat & oin
to preve-baseadt r n k(eAlfbearreéndcee se t al ., 200 4&; Beck:
Rezni k, 2008; Thirlwall, 2002; Wiletseesrp e cBiuahlll,y

i mportant t omahtacvhel nrga tbhbreitxwaén obhhetaatabd and t
becaaweaeri able matrix can (Hduskya Isiysgemart., c&
201l6herefore, to ovbrcemne i myaeyt heawmipedpriat e

obampl e prepmradeé pwmatodg i ntroduction system f ol
and the analyte of infttrendatkhacebtdidpltardolf ect
Thi sotope ratio -MBedysesgsushngmbhCPBgraphic prot
for high pre@iadil@n Aalealr geins et al ., 2017, Bou
Additionally, aut omattleascehdr pomad toigo ra pkha we ersald shoo d
been devewhipehd further increase tamrd qgdadn ¢ s e
mat reif Xt e Romanieaell.l,o 2a15; Stirling et al ., 2000
al ., .2017)

Spectral i Nntheer foearcemnrcreence of spectafalom rsttearafyer
ionesul ai mg ginm | at the time of measuremaeant b i
Ssintgre muthapbedomomwl yat omic ions of the same

i nterest but deriving fr&mrayvyhémomnshamdt h®nan
kinetic energy can bet hsgtofufbiloeiuen tragyanraezdeurc,e dw hwii
MCl C-MS has. Spectroscdphieouithae rafagred roauga e do ft o
presence of i sobaric at o,maincd ipoonsy amwlimt icpliyonsh.
ori giams be wietmc e ddi.f flisowlatry ¢ xistn twehrefne rtehnec essi gen «
i sotopes of di fferent elneome mtas s dMwil ntdipd e athat

monoatomic ions are wusually doubly charged io
mas s . Polyatomic interferengesdepreaad!| @osis threeds
composition and the operational parameters of
sample itself and from the discharge gas, cont
interferences are usualmays sr erseablgvi ende dbayo jarmpg |tyhien ¢
of the entrance slit to shifmati mamatfieaalnceoram
procedure, or chemical segp®&rahiackhaan@Oopd)i fic
Spectral interferences in U-l&M& THhlavesaodtoopie

dentified and s uPosleygauteonntilcy ntoo(netcrgollalpexds.deesi ehy
nd aragried eosf)t en t hper eccainsscet d pirc |laomwaleyssuild dmdm H
ombination of impure elements prebhgdtogeaenithe
Xypenr the prgsimapittdasopari ¢ iamtee rnfoesrtdryceashe
the combination of i mpuri t-gxied emsietniilsd epsr,e sPebr
r-ogegesx,hl dgi #&h,H amrd t he pl a)s(nBo uglaysg a( PettAra
Pollington et al ., 2016 ; Sebbhr iemng amass 2
ometric analayndi sUy@ yadhé tf onméd Uadlnd t he
erences production is variable and depe
mpl e intrddwsstoitor& Dautpehms, 2.Mbs;t Wdypem, e
us chromatographic protocols are consi de
evels to avoid BpecUr abalelsp e MECrSenri cleosw mas s

esol(uHiieosns et al ., 201 2; Stirling et al ., 20

- T < 0O TOunWNSOoOO0O0 D T
QO 5T O~
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2008)me studies have measured in high mass resol
pol yat emiferiemtces acr os(sCotntnee |l U ymaftekaartaand & 04g 2 9 f

hi gher abund’d¥®tonsptopeaef(h¥8icam al so significa
contribute to the uniwBotlyYgasi 0dll;, i Chemgi teite sal

Hi ess et . alPeak2®@h2) ing interference can be phy
retardation potentials to the ion of i nterest
mul ti pheemai ning peak taiddheny dcomnermibued oby mea
standard, i f possi bl e wi(tBo ud ergtai feitedalr.ef er0elroc e Cr
203 Seth et al., 2003)

I nstrumental Theéeesbdbereacef instirsumesudlihei nterfer
system electronics or stray electrons in the s
el ectrons camnwhbée Bbsadagpddetectors ar e used. F

suppssor or a smdalhlat magneteceomswanreg el ectrons ar €
det ectPodrdi ttihoenaHdryaday cup design minimizes the
angle by incadcaysingg Plhemhdgtwahka, 2014)

Mass bias correction

Mass bias is an isotopic fractionatidiC-Pt hat <can
MS and cawmc éddk Ipy owdari able tranamassi omeofr ot met € o,
as intensity bias related to multiplier dead t|

associated with beam i ntenhistty udnefnftearl e maess Ibe tawge
not sc@amt and may (dSrhiefnt ewi.fah et, ed®irdez)ct i on met hod:
are reaqu rtehde most commonly wused tnakos bbbieas pd krer ec
techniquest amdaerrdniazlat i on, asnadm gsdt xat nedranradl  bsrtaacnkdeat ri dn
technique.

Doubl e spi ke Toehdouble spike technique for mass
on two mass spectrometer runs, dsoarmpalndi wims pw k ed s

twonrd ched i sotopes ar e addheedr ttoh etshee dteesitnes anpel e
corrected isotopic composition of an analyte el
i sotopes. I't is important (tYlaatg, .sT@i@K & )ocacenep ossi t i o
di satdav@es t o tshuicsht maest avwali,| abi |l ity of enriched do
sometimes difficult to obtain due to regulations
of i grhuri ty enriched double spikes; t he effort

compositiontbé hbedspokeat Heaxset ifsour pierst erff ¢ hen
andhmeeed t o acvoonitda ntirnoastsi on K eftamegerett.addiss @D 18)
possible that the precéssfibeaer o$i nche dietcohrmse gser ew
propagate into the final result. A major advant e
can be directly detetrhmpanedi diomg eacdhursaatnegp liesot op
(Yang,. 2009)

To accuwroatrelcd e ppmrscsent fractionation?®@uring U o
239 doubl e s p3i6k3e6)(| PMMpared at the I nstitute of
Measurements (ILR&RMM)beBaschdttem et UaldoubReO0O8pi ke w
derived -pumoimt Wiigbot opes, its ratio and uncertain:
principles, thedefortehealBlMeygstmenme Fi¥s¥wit sh a
doubl e spike can be performed separately, or <co
ruf Gol dsteinSpi20®3)jracers are normally measur e
simultane®dsdfd,widtuhr i ng t hé Bfiemakeckaqudoncg, et a
Stirling etssalt. & DA@Wphals, 20Tlhi;s Welycerrt enns att he &m0
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routine and conJhees839] deabbkanplpbeek eusceadh t o cor
Th mass fraaetammagdoni,bl e differential fracti
during chemiwas séwalkeadi en. al ., 2013)

I nternal standar diWiatth otnh et eicrhtnd rqrueel standardi
mass bias cooreetfoaoan thetor is determined in
pair of isotopes of theveadatlogtéd eii mmanait ur kat o
t hese of one or more isotope ratios of one or
Theare t hsriketoges nternal standardization techni
bias correction, using a pair of analyte isotc

t he vadhuec hofi s acgaalicnusita ttehdei moat ¢ it ke eanremce mat
and an alternative methodzatiegnewbst bnt hat esnea
another el ement as( Yaanngi,nt2e0rOn9)!l st andar d

Th i ntsetranmadar diezx & mii 4o are quedeyo r many different
however for U iatngdotT hs d spd pwpleasr -rdaicki d e riaxc ki odt
of an analyte adequate to usaesifor ofascst hbhdrasc ac
t emdhues f or highr dcyanaiodhgrdeaibd e spi ke -met hod
samplteandard bracketing met hod)

External staanpd eaddard bracketThagt a redaampd g u e
tandard bracketing is an exdt @rnnalhisst @ neccahrnd iqzu
at itohsiampl e i si mtearssupeerds ed rwa ft hr eamad ymeatse roif al
sotope ratio. The composition ofsdthat rteiere
nstrument al mass bias cdntbemgasutedi edonope
s essential t hat anal ytical concentrations
atch€dndon, Schoene, McLean, Bowri ng, & Parri
009)

The sasmminelard bracketing t esechnifpowe Uh aasn db eTehn
bias correction due to its simplicity. 't has
Faraday-cdodwnti eoann d aitohrer i nstr umen(Andderrsaect | otn ad
200 4 ; Boulyga et al ., 2016; Rob.iBwyaonl gziag.t h
standard before and affrtderhe t h@ao secajuintd ert lgai cr ic
be clasmkc eout by | i nTehaer nianitahes ra pvactiaapteysioims ocol ar e t
data acquisition timebatfrer sdhitnlattiec phanmnoddlos e
sampl e i s, ctohnesremieod @am i ntensities are not r e:c
keé ion counts below3l1habeéet m@asupsececwumntehre i
detedhermain di sadvantages-taer e-|l norecar rpeattiua b af

T

in the Faraday to ion counderaagyiwnf twhée cime anay
anpdossible matrix difplee eamae ssthandvaerd, twki chla m
the reliability of (t@Gel dnsatsesiFndyri a2s0eCads) o a reaIt \i ton
concentrations in tdhle ds dmylee toandet matscthaeand car
separation of sampllen matdri it ons -upe dtwimmgeedf. owa rtr
i nstr umerctestsorarggnsur e ,sbh®wmts thdekmisliuirteyme ntatnadi me

mi ni mize any tempos@Yamndg idtt sAXitne rrmbasls89btiaandar d
for Th i sotopic measur emenotns ccoaunnt @ et egraminn e a
fractionati omstec@amdactdi sl wit i lmany md & aSium,al2 0rho ;

2001 ; Turneroretofaln@gMaz@dthl ) Hender son, 2010; )
Nakada, TE@@V¥)ant age of external standardi zat i
i sotopic composition can alse aacsgunigrleed sotnats ma lni
However, instrument al mass fractionation can \
ti me andl csadtvmegrietboyi s preferambecheod uBle snaamd
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i nstExtder nal ssasmghtdéaanrddar d bracketing techniqgue <ca
only possible method to use for U and Th <correc
met hodst arreec onnome n 8°@ da ffld ep rt eos enc e ismucthhma ststaenp | e ;

process of nuclear fission, the global fallout f
acci desmtkaguchi .etAlaslot he2h@u) ear safeguard progr
i sotopes are determined in the micdfBomah¥i ze parti
may indicate artificial i sot o(pBeo ud ryrgiac hente nal .o,r 2d
Wi eser & Schwioernalrysz e 20M\Wwi)r o n menmatnaolg rsaammp leevse | ast  asni
when only a smal/l amountalod o efaenrpd kel & st oa vmae d saubrl ee |

signals Uicmtfo@ffgrusi ng i on T uatt@ russianngd Far aday
detectors because of mo r § Aefdfeir sieemntetmad s ,bi2dD 4¢ o0
200 3; Par k & JHoowegv,er2,01t8hi s can be probl ematic

configdoasi oot allow for the 2 muslitnag eioaurs cewarstuer
ant®d atd@ using Far a(dAanyddredserctetr sal ., 2004Wn Boul ycgc
this case, instead of t het hisouabnl-dea negp iek eb rnaectkheat di ,n g

met hnoedstdb eappl i ed.

1.5.4 Uncertainty

The fundamemttahceé mto produce an accurate value f

accofuoart | possi ble sources of wuncertainty arising
factors contribute to the wuncertainty of i sotop
i $@pi c composition between samples can be assur e
are considered. To make a meaningful comparison
di fferent studies, especially whe¢etnhes ncad mbiimed opi

standard wuncertainty associated with the met hod
assigned to(lirsrogdeolper datRr diheslkdor2014) is import

reported isotope ratio data with oonrl yoft hehet anc
measur elrheentmaj or sources of wuncertainty of the n
correicngtomyment al isotopic fractionation correct
uncertainties of standard refweighdces manestiaalts &
i sotope abundances from tabl esumcencstsanng, aa e
reproduci bi-duprye c(ibsditamne)eade et al ., 2004; Horsky
& Prohaska, 2016 CaWclul aamen p@AOGOEdures for i ndi

Sshould be wundeamnhewdghuiided @anecoerrdhati onal Organi z a:
Standar diSy@u ii(ddes O, ,wh0iGe8n)t | i nes a general procedur
and expressing undMeasair etmgnt atdcertainty \
(EURACHEM/ CuTH@&)l | i son & Wi IwWhiiacns ,s p2CliX)i es an ap
the quantification of uncertainty in analytical
For U and Th ibsyothb@-RSEahal yei sowi ng sources of
are usually assessed: mass bias and the certifie
correction, measurement repeatabilitysofbltehe mas
mol ecul ar interferences, peak taili(®Mgoul ygaaday
KI 6t zlI i, & Prohaska, 2006 ; Boul yga et al ., 2016
Stirling et al ., 2T0h0eD;aneyisht r emeat al @AGBBDr mance
be affethiedsthagbi | ity of thenido-miomeami tyHar konoi se
counter, error in measucouwmwmt arhedetfddtcore,ncymmplfi fti
| arger peaks wmindeFatadaey Fau as damno-Itianpei( yBiierlgde ra n d

et al . 201 2; Buarger, Essex, Mat hew, ThRi chter,

uncertainty of mBa s s u beusatkil nyad rerde cbtyi omal cul ati ng t
standard uncertaintyusfaomp |teh eb reaxctkeeotni ant gh sttedcohdnbi fgdu e
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ke mass bias aandrsr encotrgmoanit lengle t shto dt he 95% conf
ang,. 2Me&®Os)ur e me nti sr enpoesatiteacbiivleidt yf r om t he pool
standar d diesvsitaitmaotne,d whriocnh sui tably matched

ulyga eRPoadi bl 0médl)ecul ar interferences ar e
er emmlaso ds thay eameeawsitutrh t he certi fi ed Weolwelrl etsp
., . 2608) mi nor -tiasioltiompee se fafipéeaptksa dicda ntitbem s our ce
certainty, whereas f-oailmangorefifsettopesar ¢ hef
heng et.Odlheyr 2DWbBEairbtlaest h#i &@sdi Hh i sotope rat]
mo s tcloynpar ati aelddabe mahbsi guinfii mpawt epgmtof ound
a
d

e

|l ytiicalpeaewofr@&hme ¢ facdsee me trhatg si nicnl utdheed uncert ai
gleltemnaj or source ofypuncael vaicretry aii ity of the
the certified standar(dBowded af cert mds s Ri0als ;
2012, 2010; Condon et al ., 2010; D. L. .Hoff ma
Somet,i ceenpl etely dif bedgmt Quhnecseorttoapiinct ymeas ur e |
MCIl C-MScan elsd i mahtleeddomi nant commarbé mtedi st ahda

pi
Y a
f
B
e
I
n
C
r
n
u
f

s
(
0
(
r
a
u
(
a
a
b
0

uncer tcainnithye somd heasmesasur ement repeatability,
flicK®reirmgra de Ol,ilveeicroanterti tadt. i, o 0d(f(P)g heei bd an
de Oliveira et al ., 20th@; vRobian s ewm uatt ed lh.g,i ed
(Kappel , Boulyga, . & TReobfadksanry g&idtlac)hange dur
continuous measurements andcanmnhémcueaset ahet ¢
standard uncertainty. I n order to timely reco:q
mi ght potentially intredgecal iat negfatti ve rédelct
to routinely monitor and control al | possi bl

assessment of the uncertainty budget.

1.5.5 Data reporting

|l sotopic data can be/ omeep cartti evddb svtialé aulesoIt wtpe amad

areometmontesr ecommended, because different | ab
correction procedaseshrndort blsandki fafnddult to es
comparability. With the uakbb$ teskifsedaseétere
but tahmodeenowghai | abl e i sotope certified referer
are provided with high uncert dilntrigeheas i med
2016)For many applications, it i s generally
di fferences in isotopic ratios between ampl e
del@)a v@loweamammon stand@&@g@dlsB®B¥luta onal ue is sugge
ratio of an unknown sample to a preferably i
expressed in(parts per mil/
1v7 T % p PpEMT (1.4)

wheR£&2™aen R **4re mass bias corrected ratios i
respeqtCiopdlen, 2011; Il rrgeher20¥bglYarSB@enyaa®o9)
sma l | variations in thal $§eeoxtporpeisa pahornipso sgdri otne
t hougq@opml en, ThRed 1dlel t a notation premidéebeaumearlt
the stated wuncertainties of <certified referen
number ratios to be expressed without npeeci se
of an dliesmesnti.l | i mportant to use the delta va
as a common reference, because of the easier
i nternatiamdal wiltehv et h(el ririgteehreat ueR® raslo.t,op20 Irda)t i
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dmonstrated as delta values, no further model fo
compared to isotope ratios that are displayed ¢
di scrimination are expected to be siminawn for th
sampl e, without knowing the absolute isotopic al
i sotope rati o measurements, severtadknisnawr ces of
consi dernat icoonr,r ecti on approaches, caéti babuiesen pr
have to beWheplakrsiol ute values are repereadge t he
standard must fpkercgehbet y&sPraobokeadska, 2016)

Al t hough, deltantvdlyuagasedauaxre diheniifmpaat of wusing
for mass bias corrections and the wuncertainties
accurate i sioftotiilcl resudmmended to use mass bias
ratios bef el ¢ aa Malhwieslg fd er ent mass bias correctdi
reported, such as I inear | taow,d epro, wearmdldasve, c oesEEo nen
bias co(fAlelrarn ®@de et al ., 2004T,h el rnrmogseth ewi deetl yalap,|
correction-InGMSE Imeans MCe ments remaiBg. t)he. Bxponen

YT YT g ja (1.5

wheR/eiis the mass bias corRyeicst etdh & amed angaorrce d rruset iva,
mare absolute atomic massdssofhesmaoepediab ©TCDT ¢

fact¢Arbaréde et al ., 2004)

Currently, ther e oinsvesothiildloownme percte pyx &adi abi l ity
or Th isotopes mnatdebt hewatbelpss |l winawnetade mnss ed
(Andersen et al., 2004; Boulygagettall, b 2@0067; Ch
et al .Ab200@BY)e values are most often applied in
forensic, where U isctUdFpie’®dr2d,i oxs9kd eBoelppgaed as
et al ., 2016, 200 2; Bur ger, eatndali.n, g2e0olc2h;r okhaopd poely
239P anrMPrPYare s(thitesdls et.Falb . st@afdiley focusing on
fractionation @ito@®s s)fids. 4tddlee t @omman?*WA%yY to repor
variabilityel imoades cARHBAYesrathot beer ti me thi
radi oactive decay and wuncertainties aiiosing froc
(Cheng et al ., 2013; Ti ssot &Thaupgeneradlly; We
acceptedtsest brtdmalddu kb h 8285 93 rati os. Several isotorg
U standards from the | RMM and the National | nst
(NI ST) have Boegen eus ead . 20009; Brennecka, Bor g,
2010; Richter Steitrlalng, e201dal;. , 200HQ weWeyer et
intercomp?@3fAi*% ometoieen marhyabetandperdsor med and it

recommended that-11iBa sstanddtdRMst arCRaMr d, whi ch
solution made mket @RM twhel most standardi zed way t

2P variability. A large proportion of studies
is widely avail abl(dAnard seommdonlay .ysedil4s, 2016;
Hi ess et al ., 201 2; Stirling et al.,. 2007; Tisso
Fod¥U P8 variability, both absol ut @Adeartsieors etnd de
al . | 20009, 2004 ; Cheng et al ., ,20H3&8web&s=atl hu teet al
val ues as t h(E&qac)(alrveb rfyr e cgautdootbd ey r(eAmadretresden et al .
20009; Durand et al ., 2005; Grzymko et al . | 2007

200Bhe attyi vadliouli &t enda sfsr oboirasB¥®*#¥d sot ope ratio
(R7Eq. Xalnlks) usi ng t he dff®t ayh&(lonasntde)p(tCsheng et
al .,.2013)
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< OVE TG () O D D RE G gy VOOV (1.6)

For Th isotopes, onPRhy#Fhsalcui & in gt irda $sicaesr atr lee

any significant diffeBahkesetialthe2@08jr X nmkan
& Halliday, 1997; Robinson et al., 2004; Seth
2000; TurnerThe aadt.i,v RyO7)f) &tciuc laitne d nfarsosm bti haes
corr e®h#®Bhi sot op@r rEaqg.i o(alndd )by wusing thef decay
2P h  aAPdh(l2zankhs)( Cheng 2O 3al . ,

€O S OV G0 6 QL D BE (e o YROHOC (1.7)
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Chapter 2

Aims and Hypothes es

The aim of theodasserbaeligndeter mi wetld- McCd Th
| C-MS for swathiplwe \lelandcodlrhcentrations and to co

anal ytical data in the conteXo0o a¢hiagppwd hehai c
optiamiobhhe fIMERS prowas ohecteos samlrtyai n high prec
accuracy for U and Th isotope data Aifeteedred f
veri fiofat ameal yti cal perf o4 Q&Sc e net rsuarimepn teyiC

preparation approaches were tlesdreade tmn el ail sa
composition for determinli@RSU Thotmpet r@ad mman I
Upreconcentration andwaépar a$ d mavioebreed htneiagiudeds i
the analytical procedure wastoptiomieded ainbt al
hi ghest recovery, and the smal |l eslthebiras uflnem c
both opti mi zaasiuorne noefnt MSnemé o dbse haarvd oU idauoti ommge S
preparation provide means f ouvhi e#t aebnlaibs heisn ga ctc
determination of U and Thwiitsholtve pd!| arnadt i ©k i
concentihei ops i mal protocol was then wused to
environmenttal sttruadgyertsydr ogeochemi cams pwiotcle ss e
pedomi nant |l y c arTbhoenjautbel jRa oiddoat togerithkakd Ri ver
in Croatia tweoaesd hset Udliees® | wiperde maatalpepd b tea g
expecteldecomht ned use of geochemicalrandavi phy i
and Th i sot opiwo ut dmgsidgoniwt fiiomaduhderi smpaloairesntg of
hydrodyamapgricwi de ras preew ipe t o already known da

Hypot heses
Withidisbertthaet ifoonl | owi wgridegpetdheses

1. Different-tse@mapmenprand U separation protoc
of undesired biases between U and Th isotopes

be able to select appropriate ones.
2.0ptimizat i-torne atf m&Jn tpr esmepmasruateintemtampd ot ocol s

in methodology with | owest procedur al bl anks
sufficiently good to be applicable in karst a
3.U and Th isotopesuweéefl |l proaeert oodhbsesgse oicth e m

di fferent studied karst aquifers.
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Chapter 3

Scientific Publications

The dissertati omulcloitnisRiusdl s cmftd vome eedhi s di ssert
ar e l i sted intbeBaththeimanaoensecutive appear a
hypot heses of.Tthiee fdirsg et avaceohvgeproetdh ebsye s he f i r st
dealing with the optimization of the dgcmpl e p
U isotope3.almeal fiaist (hg poebhyedtihsewbdb amanuscripts |
and ( 3wRlgerveel oped met hodol ogy wa st haep pelniveid oonnmetr
with predominant!| yTleamdo datte 'Isi tctodiieadypwitd wals
scient idairce aretsicaliebed before each article. I n
in the following order:

Rovan, Lej aMarSktor.okOpti mi zation of the sampl e
protocol for the anal ysiI€RMSE wirtahnoi uutm sipsiokteo pa
Jour nal of analytical atomic spdaddt9rlomdtSISWN. 02®
9477. DOIl: 10.1039/ C9JA00144A.

Rovan, Lej a, Loj en, Sonj a, Zul i ani , Tea, Kand
Rusjan, SSi ombn, Mar ko. Comparison of wuranium is
tracers in Karst aquifer of Ljubljanica River
no. 7, -B20&® 201688INM 42207 DOI : 10.3390/wl2072064.

Rovan, Lej a,HoZruMatamakBanToesL , VT¢ @3 a, Pol@ansai,m J a mi
Cermel j, Branko, Bura Naki ¢, Eloy iema. US@mlf oy |, )
i sotopes as a possible tracerScafenter rodsttrhieal
Environnkenal ., %7 . 14P1L AD.16DPl.:.scitotenv. 2021.
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3.1 Optimization of the Sample  Preparation and
M easurement Protocol for the  Analysis of Uranium
| sotopes by MC -ICP -MS without Spike A ddition

Rovan, L.,Jdurrml, af. ,anal ytical atomic spectrc
188891. DOI : 10. 1039/ C9JA00144A.

I n tohblsi cahé ooapt ionii z2MiG-MISTMe asur ement protocol [
to obtain high precUsisonope®iRAtcads®@AEY) for

Additionally, t h e Upiossostiobpliec icnofnhpuoesnictei ooan i s t e
aqgueous sample preparation a#Hd-RsSe preeraastuircemmetnd cs
The analytical met bbdawe s h fetf e esloel lveadtues wa s
as the opti mal procedure The abptpdicadi oas ulot g
di fferent sample preparatiobiaontdopépacampori m
consequently the final Wiéedulthe opt u-mEES&SWN 08 am
measur ements by controlling and correcting

measurements as instrument al mass Wbiasot opre a
rati os waBhepgthiiamaad d/.t i cawi photleeulmieghest achi e
and acculbiascoyt ofpoers was t he combi natg(iPdna soft hceopr e
preconcentraamaonex ecchircointpoteovg t ehp WUYTEVA resin pr e
in 6 Ma#siNOhe separ.atdihcrm mbe cnhartiigpune of copsreci pit
and ion exchange <chromatographwoi( ®OMWE&vV arbelse r
accuraldysbbopesx.peTlreeesmtl t s r evealbitaisee se xd uernitn
di fferent physicochemicalt hpr-288g®0offU/08 sampl
and2989. 90 or*YrP83.0bt adrnesul ts show that the <col u
directly lead to the organic material strippe
thaccurate det Brimionatpieonr aclfiCaMSwiniechasM€C e ment s.
reducing impurity effects and other potenti al
preparation and measurement protocol optimiza
the influence sifgmaftirdaantefdmrdtextsremely small
be detected with high accuracy and precision.
requiring extdéemseiatemenamplr acprtdkdgdd# 4 wharmded e spi k
met hodr fectcong for mass bias during sample pr
feasi bl e.

Theandimsdatine ri but puobnl itceadti biodt eche opti mi zati o
instrument perlfoWalamplef oont etmot rtante domasst ta bhst e

analytical procedure with the small est bi as
t esttihneg most commeamincensedt ipare and seParatio
anal yses. Af ter assessing pforsosm btl ee uiamstr it Lamenr
analytica,l 9heocedthelltixdheed vilhits othopd rati os f |
Ui sotopic standard in the evaluated met hods.

and drafted the manuscript.
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Optimization of the sample preparation and
measurement protocol for the analysis of uranium
isotopes by MC-ICP-MS without spike additiont

Leja Rovan &% and Marko $trok*®®

W) Check for updates

Cite this: J. Anal. At. Spectrom., 2019,
34,1882

This study quantifies the behaviour of uranium isotope ratios (*°U/2%8U and 2*U/2%8U) with different
aqueous sample preparation and separation techniques using multi-collector inductively coupled plasma
mass spectrometry (MC-ICP-MS) measurements and optimization of the MC-ICP-MS measurement
protocol to obtain high precision and accuracy for uranium isotope ratios. The obtained results were
compared with reference values, and they show that different sample preparation and separation
methods influence the uranium isotopic composition and consequently the final results of unknown
samples. The analytical procedure with the highest achievable precision and accuracy for uranium
isotopes was the combination of coprecipitation with Cas(POg4), and extraction chromatography with
precleaned UTEVA resins. The combination of coprecipitation with Fe(OH); and ion exchange
chromatography (DOWEX resins) provided the lowest achievable accuracy for uranium isotopes. The
results reveal the extent of uranium biases during different physicochemical processing of samples in the
range of —254 to 2.60%, for *°U/>**U and —299 to 8.90%, for 2>*U/2*8U. A combination of sample
preparation and measurement protocol optimization is of importance for various applications requiring
extensive sample pre-treatment procedures where the >*3U/?*¢U double spike method for correcting for
mass bias during sample preparation and separation steps is not feasible and to establish a methodology
which enables the accurate determination of uranium isotope ratios in low-level concentration samples.
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variable solubility of uranium in different redox states and
nuclear field shift effects."**' For ***U/***U, large natural

Introduction

Published on 17 July 2019. Downloaded by Institut Jozef Stefan on 7/15/2021 12:38:38 PM.

Uranium (U) is the heaviest naturally occurring element on
Earth.* It commonly occurs in two oxidation states, U(iv) and
U(v1). Under oxidizing conditions, uranium exists in the U(vi)
state, mainly as uranyl ion UO,™, and it is highly soluble and
mobile. Under reducing conditions, uranium exists in the U(iv)
state, mainly as insoluble complexes with hydroxides, and it is
highly immobile.**

Uranium has three naturally occurring radioisotopes, ***U
(t1/2 = 4.5 billion years), >*"U (¢, = 245 000 years), and *°U (¢,
= 0.7 billion years).* Furthermore, small amounts of >**U can
also occur naturally on Earth from neutron-capture processes
within uranium ores (***U/***U < 10™°).%” Uranium isotopic data
are an essential dating and tracing tool for a broad spectrum of
geological and hydrological processes.® A significant natural
variability of more than 0.03% in the ***U/***U ratio for a range
of natural materials has been reported. This is due to the

“Department of Environmental Sciences, Jozef Stefan Institute, Jamova 39, SI-1000
Ljubljana, Slovenia. E-mail: marko.strok@ijs.si; Tel: +38615885243

*Jozef Stefan International Postgraduate School, Jamova 39, SI-1000 Ijubljana,
Slovenia

T Electronic  supplementary available.  See  DOI:

10.1039/c¢9ja00144a

information  (ESI)

1882 | J. Anal At Spectrom., 2019, 34, 1882-1891

variations in the environment (>10%) can be observed mainly
because of the effect of alpha recoil.'*** Uranium isotope ratios
are also an important characteristic for nuclear safeguards and
nuclear forensic studies.* >**U determination was recognized
as an important indicator to differentiate types of environ-
mental nuclear contaminations.'*'® Measurements of ***U/***U
isotope ratios are of importance in the environmental moni-
toring of contaminated territories to study nuclear weapon
explosions, nuclear power generation and reprocessing of its
fuel, and nuclear reactor accidents."”** Recently, when **U was
detected in environmental samples, the **U/**°U ratio can be
established as a tracer for discriminating between two different
contamination sources.*”

Measurement of the uranium isotopic composition in envi-
ronmental samples requires high sensitivity to detect the
smallest amounts of minor isotopes and high accuracy to
differentiate between small fractionations in natural uranium
samples.* In recent years, the use of multi-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) afforded
improved precision owing to the high absolute sensitivity and
simultaneous detection of ions with a multi-collector detector
block compared to quadrupole-based ICP-MS, and higher
sample throughput compared to thermal ionisation mass

This journal
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spectrometry (TIMS). Therefore, MC-ICP-MS is the preferred
tool for precise measurements of uranium isotope ratios for
low-abundance isotopes and mass-limited samples.*'**

An MC-ICP-MS is a very complex instrument used to achieve
accurate isotope ratio data, and proper optimization is required
to exploit its full potential. When measuring isotope ratios
using MC-ICP-MS, counting-statistical errors contribute only
a part of the total variance of isotope ratio measurements. MC-
ICP-MS performance can be affected by spectral interferences
arising from isobaric interferences, instrumental mass bias, or
sample matrix effects as a result of the presence of other
elements in the sample matrix.*>* Molecular interferences in
uranium analysis, which are the result of the combination of
impurity elements present in the sample (Pb-oxides, Pb-
nitrides, Pb-nitrogen-oxygen, Hg-chlorides, and ***ThH") or
the plasma gas (PtAr’), can affect high precision measurements
with increased and unwanted signal intensities.*****® Therefore,
analyte separation from the sample matrix is necessary to avoid
these undesirable effects. However, if the separation recovery is
incomplete, this can introduce serious isotope biases, and thus,
100% quantitative recovery of the analyte should be targeted. In
addition, the instrumental mass bias in MC-ICP-MS can also
cause a significant deviation of the isotope amount ratio from
the true value. It was suggested that an instrument itself could
also, to some extent, discriminate various isotopes of the same
element in a manner that resembles mass-independent frac-
tionation in nature. The most common reason for this can be
found in plasma conditions, which are changing during
different measurement sessions.”” However, the exact cause for
this phenomenon is still unknown and it is still not clear if
these biases potentially influence the accuracy of uranium
isotope ratio data. Anyhow, careful optimization of the
measurement protocol is required to minimize any possible
instrumental mass bias arising from MC-ICP-MS.

Several protocols have been reported to obtain uranium
isotope ratios using MC-ICP-MS;**'** however, considerable
challenges still exist in accurately determining uranium isotope
ratios with dynamic ranges of 10 ® or higher. Therefore,
a »U/*%U double spike can be added to a sample to improve
the precision of determining uranium isotopes with mass bias
correction during sample preparation and measurement steps.
However, in some cases, where the measurements of ***U or
% ions are required, the double spike method is not recom-
mended for use in uranium isotope analysis. The main disad-
vantages of this method are the availability of enriched double
spikes, which are sometimes difficult to obtain due to regula-
tions of export of radioactive materials; the effort required to
calibrate the isotopic composition of the spike; and the need to
avoid cross-contamination between two runs.?” ***U and **°U
can also be present in the sample. Ultra-trace amounts of *°U
exist in various materials found in the environment, due to the
process of nuclear fission, the global fallout from nuclear
atomic bombs, and nuclear reactor accidents.”” Also, nuclear
safeguard programs seek to determine the uranium isotope
abundance of micron size particles, where anomalous amounts
of ***U and ***U may indicate artificial isotope enrichment or
depletion processes.**** In addition, to analyse environmental
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samples at sub-nanogram levels and when only a small amount
of the sample is available, it is preferable to measure the ion
signals from minor uranium isotopes such as ***U using ion
counters and >**U and **°U using Faraday detectors because of
more efficient mass bias correction.>**** However, this can be
problematic when the instrument cup configuration does not
allow for the simultaneous measurement of **'U using ion
counters and ***U and ***U using Faraday detectors. In this
case, instead of the double spike method, samples are usually
spiked with only one isotope, ***U or ***U,*** or the use of
a standard-sample bracketing method is applied for mass bias
correction.”** For standard-sample bracketing, it is essential to
ensure that the analyte concentration in the sample and the
standard is matched carefully and for that, perfect separation of
the sample matrix is required. In addition, it is possible that
temporal drift in mass bias between bracketing standards can
occur and therefore careful and precise optimization of the MC-
ICP-MS instrument is also needed.”**

This study is divided into two parts. The first part presents
the optimization of the MC-ICP-MS protocol, to obtain high
precision and accuracy for uranium isotope data. We examine
several methodological possibilities to establish the most
appropriate concentration of the purified uranium aliquot, to
find the most appropriate cup configurations of uranium
isotope measurements, and to verify the analytical performance
of the MC-ICP-MS instrument. The second part of the study
aims to test different sample preparation approaches to eval-
uate their possible influence on uranium isotopic composition
for determining uranium isotope ratios (**°U/Z*U and
»1u/***U) using MC-ICP-MS. We try to find the analytical
procedure that will provide the smallest procedural blanks and
the most accurate purified uranium fraction results with the
lowest amount of impurities and the smallest bias from the
standard reference value. This is especially important for the
cases when the double spike method is unsuitable for use as
a procedural mass bias correction method. The most commonly
used preconcentration and separation techniques for deter-
mining uranium in any sample were tested. The results of both
optimization of MS measurement methods and uranium
isotope behaviour during sample preparation provide means
for establishing the methodology, which enables accurate
determination of uranium isotope ratios in low-level sample
concentrations.

Experimental
Reagents, standards, and samples

All chemical procedures and measurements were performed
under clean room conditions. Chemical reagents and acids
were prepared with deionized water (>18 MQ cm, Millipore
Milli-Q-Plus) and with clean laboratory equipment. The
uranium isotopic standard IRMM-184 (European Commission —
JRC, Institute of Reference Materials and Measurements, Bel-
gium) was used for correcting the mass bias and testing the
possible influence of various uranium sample preparation
approaches. Depleted and enriched uranium isotopic standards
IRMM-183 and IRMM-185 were used as quality control and
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quality assurance (QA & QC) samples. The uranium standard
reference material SRM-3164 (National Institute of Standards &
Technology, USA) was used for calibration and interference
correction of single-collector mass spectrometry, MC-ICP-MS
optimization, and daily performance checks.

Instrumentation

Uranium isotope ratios were measured using a Nu plasma II (Nu
Instruments Ltd., UK) MC-ICP-MS with a high-efficiency Aridus
II™ (Cetac Technologies, NE, USA) sample introduction system.
The mass spectrometer is equipped with 16 Faraday and five
ion-counting detectors.

Before uranium isotope ratio measurements, uranium
concentrations in the samples were determined using an Agi-
lent 8800 triple quadrupole ICP-MS (ICP-QQQ) (Agilent Tech-
nologies, Tokyo, Japan).

Uranium isotope ratio measurements using MC-ICP-MS

Before uranium isotope ratio measurements, routine optimi-
zation of MC-ICP-MS was performed. The instrument system
was tuned by adjusting the torch position, instrumental gas
flows, ion lens positions, and high-tension (HT) voltages. This
resulted in the most optimal and stable beam intensity for the
38U beam collected in a Faraday detector and reduced back-
ground noise. Table 1 lists typical instrument parameters for
uranium analysis. During tuning and before the analysis
sequence, peak centering was performed manually for m/z =
238 on Faraday cups L2 or L3. Before the analytical session,
Faraday cup preamplifier gain was performed. The instru-
mental background was measured using zero electrostatic
analyser (ESA) deflection.

Table 1 Operating conditions for uranium analysis on a Nu plasma |l
MC-ICP-MS

Plasma conditions

RF power (W) 1300

Ar cooling gas (L min™") 13.0

Ar auxiliary gas (L min ') 0.8
Nebulizer gas pressure (Psi) 39.7-40.1
Sample introduction (Aridus II™)

Ar sweep gas (L min~") 5.8-6.3
Sample uptake rate (uL min %) 115
Spray chamber (°C)/membrane 110/160

Q)

Method settings
Cup configuration

Cycles/blocks
Integration time (s)
Magnet delay time (s)
Transfer time (s)

Wash time-2% HNO; (s)

Analytical concentration (ng mL™")

Sensitivity (V)
Total analysis time

238y(L2)- U(L5)-***U(1C0) or
2""U[LS)—Z’”U(ICO)—Z'“U(IC‘I]
10 cycles/6 blocks

30 (zero-ESA); 4 (sample)

2

150

120

5

~2-4 for 5 ng mL™*

14 min per sample

1884 | J. Anal. At Spectrom., 2019, 34, 1882-1851

Chapter 3. Scientific Publications

View Article Online

Paper

Two cup configurations were used during optimization for
uranium isotopic measurements. The typical protocol used for
measuring uranium isotope ratios using MC-ICP-MS was the
combination of ***U and ***U ions on the Faraday detectors (L2
and L5 cups, respectively) and ***U ions on the ion counter
detector (ICO cup). In the second method, measurement of *U
ions on the Faraday detector (L3 cup) and >**U and **'U ions on
the ion counter detectors (ICO and IC1 cups, respectively) was
performed. With the two different cup configurations, the drift
in the relative gain between the ion counter and Faraday
detector was estimated and the stability of uranium isotope
signals at low concentrations was studied.

The standards and samples were diluted with 2% HNO; to
obtain a constant uranium concentration for isotopic
measurements. The measured isotope ratios (***U/**U and
#1y/*3%U) were calibrated against the corresponding isotope
ratios in IRMM-184 standard, which had been measured before
and after the sample measurement. The external standard-
sample bracketing approach was used for instrumental mass
bias correction.

The protocol for uranium isotopic measurement involved 60
cycles (10 cycles/6 blocks) with an integration time of 4 s for
samples and 30 s for instrumental background. The sample
introduction rate was 115 uL min ' and uranium consumption
for each analysis was ~6.6 ng of uranium for a solution con-
taining 5 ng mL ™! uranium. The sample uptake time before
data acquisition was 150 s. The rinse time was 120 s using 2%
HNO; between measurements and memory effects were negli-
gible (~0.02% of the **U signal intensity). The total duration of
data acquisition was ~14 min for a single sample. The typical
sensitivity for >**U from a 5 ng mL™" solution was 2-4 V (Table
1). **U/**U and ***U/**"U isotope ratios were calculated as the
mean ratios of 60 replicates with an outlier test that was
implemented in Nu plasma II instrument software (Nu Instru-
ments Calculation Editor - NICE). The values that deviate from
the mean by more than two sigma were considered as outliers.
An Excel spreadsheet was used for assembling data outputs and
performing further corrections (standard-sample bracketing).

The obtained atomic ratios of uranium isotopes were cor-
rected with the exponential law mass bias correction model:

i _ pili (M 3
w - ()

where R is the measured ratio, R is the mass bias corrected
ratio or true value, m; and m; are the absolute atomic masses of
the isotopes of interest, and f is the mass bias correction
factor.** The correction factors for each isotope ratio were
calculated as an average value of two isotope ratios measured in
a certified standard divided by the certified value. Comparable
corrections were applied to the respective isotope ratios in
samples. Uncertainty estimation was performed according to
EURACHEM-CITAC recommendations.” For uranium isotope
analysis, the following sources of uncertainties were assessed:
mass bias and the certified value of the standard used for mass
bias correction, measurement repeatability of the mass bias
standard and the sample, possible molecular interferences,
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peak tailing, and Faraday cup amplifier gain and baseline.***®
The uncertainty of mass bias correction was estimated by
calculating the combined standard uncertainty for the external
standard-sample bracketing technique and was quoted at
a 95% confidence level.** Measurement repeatability was
derived from the pooled estimate of standard deviation, which
was estimated from suitably matched quality control stan-
dards.* Molecular interferences, peak tailing effect, Faraday
cup amplifier gain, and baseline associated uncertainties were
comparatively small in our case and were not included in the
uncertainty budget. After the overall assessment for uranium
isotope ratio analysis, the major source of uncertainty is the
uncertainty of the certified value of the certified standard used
for mass bias correction.

Sample preparation

To evaluate the possible uranium biases in water samples, the
most commonly used uranium preconcentration and separa-
tion techniques were tested. The most optimal technique with
the highest achievable precision and accuracy for uranium
isotopes was identified. Such techniques have been reported
previously*”~** and are briefly described below.

Uranium preconcentration techniques. Different methods
used in this study were applied to purified deionized water
spiked with natural uranium standards with known uranium
isotopic composition.

Four different uranium preconcentration techniques for
water samples were tested: coprecipitation with either
Fe(OH);, Ca;(PO4),, or MnO, and evaporation. In the first
procedure, 1 mL of FeCl, solution (5 mg mL™") was added to
400 mL of water and the pH was adjusted to 9 with concen-
trated ammonia solution to coprecipitate uranium with
Fe(OH);. In the second procedure, 0.5 mL of 1.25 M Ca(NO;),
was added to the sample and left until the water solution was
boiling. A uranium Ca;(PO,), precipitate was formed by add-
ing 0.2 mL of 3.2 M (NH,),HPO, and enough concentrated
ammonia solution to form a precipitate. In these two proce-
dures, the precipitate was separated by centrifugation and
washed with deionized water to neutral pH. The precipitate
was then dissolved according to the specific separation tech-
nique discussed below. In the third procedure, coprecipitation
with MnO, was achieved by adding 0.2 M KMnO, solution
(1 mL per 1 L) to a sample acidified with HCI and the pH was
adjusted to 9 using concentrated ammonia solution and by
adding 0.3 M MnCl, solution (2 mL per 1 L). The precipitate
was then dissolved with a mixture of concentrated HCI and
H,0,. After evaporation to dryness, the residue was dissolved
according to the specific separation technique discussed
below. For the preconcentration of uranium with evaporation,
the water sample was evaporated on a hot plate to dryness and
the residue was then dissolved according to the specific
separation technique discussed below.

Uranium separation techniq After the preconcentration
step, it is important to separate uranium isotopes from the
matrix elements and interferences. This was accomplished by
various combinations of separation procedures, such as
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extraction chromatography, ion exchange chromatography, and
solvent extraction. Each of the procedures used has been
previously optimized either by resin producers or by other
authors to give the maximum uranium recovery.

The first uranium separation procedure was based on using
a uranium and tetravalent actinide (UTEVA) extraction chro-
matographic resin prepared in deionized water. The second
procedure also used a UTEVA extraction chromatographic resin;
however, it was precleaned by soaking overnight in 6 M HNO,
and then washed several times with deionized water. In both
procedures, the samples were dissolved in 5 mL of 3 M HNO;
after uranium preconcentration and transferred into a pre-
conditioned UTEVA column. This was prepared by adding 2 mL
of UTEVA resin to the column and washing with 10 mL of
deionized water, 5 mL of 1 M HNOj3, and 10 mL of 3 M HNO;.
After the sample was loaded, the column was washed with
20 mL of 3 M HNOj3, 5 mL of 9 M HCl, and 25 mL of 5 M HCl
with 0.5 M oxalate. Uranium isotopes were eluted with 15 mL of
1 M HCl in a clean beaker, and the eluate was evaporated to
dryness. To destroy any organic residue in the resin, the dry
residue was digested three times with a mixture of HNO; and
H,0, before measurements.

For the third separation procedure, ion exchange chroma-
tography with extraction chromatography was used. First, pre-
concentrated uranium samples were dissolved in 5 mL of 8 M
HNO; and transferred onto an anion-exchange resin (1 x 8,
100-200 mesh, chloride form) prepared in 8 M HNO;. To pre-
conditioned the column in 8 M HNOj, 5 mL of the resin
prepared in deionized water was added to the column and
washed with 50 mL of deionized water, 30 mL of 1 M HNO;, and
30 mL of 5 M HNO;. The column was preconditioned with
50 mL of 8 M HNO;. After the sample was loaded onto the
column, uranium isotopes were eluted with 60 mL of 8 M HNO;,
evaporated to dryness, dissolved in 5 mL of 3 M HNO;, and
transferred to the precleaned UTEVA column. The samples were
then treated in the same way as in the UTEVA extraction chro-
matography procedure.

Uranium isotopes were also separated using an anion-
exchange resin (1 x 8, 100-200 mesh, chloride form) prepared
in 9 M HCL. After preconditioning the column using 5 mL of the
resin prepared in deionized water and washing with 50 mL of
deionized water, 30 mL of 1 M HCl, 30 mL of 5 M HCl, and
50 mL of 9 M HCI, the sample was dissolved with 5 mL of 9 M
HCl and loaded onto the column. The column was then washed
with 60 mL of 9 M HCI and uranium isotopes were eluted from
the anion-exchange resin with 60 mL of 0.1 M HCI. The uranium
sample was then evaporated to dryness and cleaned three times
with a mixture of HNO; and H,0,.

Separation with solvent extraction, in which uranium
isotopes were separated from 5 M HNO; with a TBP solution in
toluene, was also tested. A uranium sample in 10 mL of 5 M
HNO; was extracted by shaking with 5 mL of 50% TBP solution
in toluene. The organic phase was washed two times with 5 mL
of 5 M HNO; containing 2 mL L~ of concentrated HF. Uranium
isotopes were stripped with 10 mL of deionized water contain-
ing one drop of concentrated HNO;. The last step was repeated
two times.
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Results and discussion

Optimization of the
using MC-ICP-MS

of ur ratios

d s

To achieve a suitable performance for low-level concentration
uranium samples, it is important to optimize the uranium
concentration introduced into the MC-ICP-MS. Therefore, an
examination of several methodological possibilities was carried
out. First, the most appropriate concentration of the aliquot of
a purified natural uranium fraction was established. The results
in Fig. S1(ESIt) indicate that the most optimal uranium
concentration for measurements is 5 ng mL™". This concen-
tration was selected as the lowest concentration with the
smallest difference of ***U/***U and **U/***U isotope ratios
from the certified value. Then the most appropriate cup
configurations of uranium isotope measurements were deter-
mined, to find the protocol with which the uranium isotope
signal is the most stable if sample concentrations require
measurements at concentrations lower than 5 ng mL'. The
results in Fig. 82 (ESIf) show that for samples with uranium
concentrations lower than 0.5 ng mL ', it is better to use a cup
configuration in which ***U ions are measured on a Faraday
detector (L3 cup) and ***U and ***U ions are measured on ion
counter detectors (ICO and IC1 cups, respectively). Finally, the
long-term analytical performance of the MC-ICP-MS instrument
was assessed, to test the instrument accuracy and precision for
uranium isotope ratio measurements. Fig. S3 (ESIT) shows that
the analytical performance of MC-ICP-MS for the measured
isotope ratios of the uranium standard is in good agreement
with the certified value. The analytical precision of the
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instrument was further assessed by analysing two uranium
isotopic standards: depleted uranium standard (IRMM-183)
and enriched uranium standard (IRMM-185) (Table S1 in the
ESIT) and the experimental values are in good agreement with
the corresponding certified values.

These results are presented and discussed in more detail in
the ESL}

Bias of uranium isotopes during different sample preparation
and separation techniques

Prior to mass spectrometry analysis, a careful sample prepara-
tion procedure is needed to separate uranium isotopes from the
sample matrix and other possible interferences and also to
improve the detection limit, increase the sensitivity and
enhance the accuracy of the result, especially for uranium
samples with low-level concentrations.>' A series of methods
already exist for the determination of uranium in different
kinds of samples; however, there is little information on the
extent of uranium isotope ratio biases introduced by different
methods. Therefore, it is important to quantify this and find the
analytical technique which will give us the most precise and
accurate result for uranium isotope ratios.

To identify the optimal analytical technique for determining
uranium isotope ratios using MC-ICP-MS, different sample
preparation approaches for water samples were tested (Fig. 1
and 2). Following each preconcentration technique (coprecipi-
tation with Fe(OH);: Fe-precipitation, Ca;(PO,),: Ca-
precipitation, MnO,: Mn-precipitation, and evaporation),
uranium was separated using one of the four most common
uranium separation techniques (extraction chromatography

g
33—
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Fig. 1 Deviation of 2**U/2*¥U isotope ratios from the certified value (solid line) for various tested uranium preconcentration and separation
techniques (mean values, n = 3). Uncertainties are shown as 2s, where s is the standard deviation.
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with UTEVA resin prepared in deionized water: UTEVAmq),
extraction chromatography with UTEVA resin pre-cleaned in
6 M HNO;: UTEVA(no,), combination of ion exchange chro-
matography and extraction chromatography: DOWEX-UTEVA,
and ion exchange chromatography: DOWEX). Uranium sepa-
ration with solvent extraction (TBP) was also tested. Table S1}
lists the numerical results (ESIT). For each combination, three
replicates were performed. The certified value of the uranium
isotopic standard (IRMM-184) with expanded measurement
uncertainty (k = 2) is included and compared with the
measured uranium isotope ratios obtained using different
sample preparation approaches.

Some of the evaluated methods show deviations from the
uranium isotopic standard, especially the combination of
coprecipitation with Fe(OH); and separation with ion exchange
chromatography (DOWEX), where the ***U/**U and *'U/**u
ratios differ significantly from the uranium isotopic standard
(2.60%, and —56.307%,, respectively). This may be caused by the
insufficient separation of uranium isotopes from Fe*' by ion
exchange chromatography. Ion exchange chromatography is
a valuable method for the determination of uranium isotopes at
ultra-trace levels. Uranium as UO,*" can form complexes with
many common anions (chlorides, nitrates or sulphates) and it
can use strongly basic anion exchange resins for separation from
the sample matrix.”® Uranium forms stable chloride complexes
with a high distribution coefficient in 9 M HCI, so purification is
usually done in HCl. However, Adriaens et al. reported that iron
could not be completely separated from uranium using only ion
exchange resins. Fe** ions and other metal ions (Co*", Cu*", and
Zn®") can form stable chloride complexes, similar to those of
uranium. As a result, uranium and other metal complexes are
simultaneously adsorbed on the resins, making it difficult to
efficiently separate uranium.* This can explain the larger devia-
tions from the isotopic standard for the combination of copre-
cipitation with Fe(OH); and separation with ion exchange
chromatography (DOWEX), where some Fe particles were still
seen in the sample solution (orange-brown solution). In addition,
other combinations of preconcentration techniques with ion
exchange chromatography (DOWEX) show no significant devia-
tions of uranium isotopes from the uranium isotopic standard
and this indicates that the preconcentration technique can
contribute to accurate results in uranium isotope analysis.

Purification of uranium isotopes by ion exchange chroma-
tography can be also carried out in HNO;. The distribution
coefficient of uranium in 8 M HNO; in such a resin is very
different from that of thorium, which can be present in the
sample matrix. This enables the effective isolation of uranium
from thorium in HNO;. However, the distribution coefficient for
other major elements in 8 M HNO; is much closer to that of
uranium, and therefore an additional purification step is often
required. An additional step is usually done with extraction
chromatography.* Our results however demonstrate deviations
of the **U/***U and **'U/***U ratios from the uranium isotopic
standard for the combination of ion exchange chromatography
and extraction chromatography in almost every preconcentration
technique (—0.69 to 0.74%, for ***U/***U and —5.60 to 2.59%,
2%y/#*®U). This can be explained with the low recoveries, which
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were obtained from the separation technique. If the recovery is
incomplete, this can introduce mass bias for uranium isotope
ratios. Uranium isotope ratios also show greater uncertainties for
the combination of separation techniques compared to other
approaches used in the study. This suggests that the combination
of ion exchange chromatography and extraction chromatography
is not the most reliable and repeatable separation technique for
the use of low-level uranium samples.

Extraction chromatography is another very common method
for the separation of uranium from a sample matrix. Especially
UTEVA resins in HNO; are highly selective for the separation of
uranium isotopes in the U(vi) state. Extraction chromatography
has a higher selectivity toward uranium isotopes at lower
concentrations of HNO; and HCl compared to ion exchange
chromatography. As a result, the use of UTEVA resins avoids the
problem of interference from coexisting anions.* Adriaens et al.
also applied the UTEVA resin in their study and reported more
efficient isolation of uranium isotopes compared to ion exchange
separation. This was due to more effective separation of iron and
lead from uranium. However, they found some problems with
insufficient purification of uranium from thorium, which can
indicate the difficulty in the effective separation of uranium in
low-level samples.* This finding can be also applied to our
results. Fig. 1 and 2 show the deviations of uranium isotopes
from the uranium isotopic standard with extraction chromatog-
raphy (—0.73 to 0.052%, for >**U/***U and 1.90-8.90%, **'U/***U).
It is possible that uranium was not completely purified from the
interferences. For this reason, it is important to give a lot of
attention to the step of washing the column to remove interfering
elements to get the purified uranium fraction.

Furthermore, Fig. 1 and 2 show that uranium separation
with UTEVA resins prepared in deionized water also has some
negative side effects for the accurate determination of uranium
isotopes (—0.73 to 0.57%, for **U/**U and 1.90-6.04%,
24y/238y). Organic interferences from the residual resin may
affect uranium isotope mass bias.>” In this case, precleaning the
resins using HNO; can reduce the organic interference of
purified uranium fractions during sample preparation.

Uranium separation with solvent extraction (TBP) shows that
large biases occurred during measurements of the uranium
isotopic composition using MC-ICP-MS, as evidenced by
extensive deviations for the **’U/***U and **'U/*®U ratios
(—2549%, and —299Y%,, respectively) (Table S1t). In addition,
chemical recoveries for solvent extraction were the lowest
compared to those for other separation techniques (~40%) and
the remaining organic residue in the last step of uranium
sample preparation was difficult to destroy. Therefore, uranium
separation with solvent extraction is not recommended for
determining uranium isotopes using MC-ICP-MS in low-level
concentration samples.

The clear deviation from the uranium isotopic standard for
some analytical methods could also be explained by different
speciation and oxidation states during separation. Anbar et al.
demonstrated such a possible bias for iron isotopes during ion
exchange chromatography. They linked these biases to different
iron speciation and oxidation states during different eluting
steps.* To confirm that such biases can also occur for uranium
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Fig. 2 Deviation of 2**U/?*8U isotope ratios from the certified value (solid line) for various tested uranium preconcentration and separation
techniques (mean values, n = 3). Uncertainties are shown as 2s, where s is the standard deviation.

isotopes, further analyses of the elution profile of uranium for
each chromatography separation are necessary.

The most plausible explanation for the observations pre-
sented in Fig. 1 and 2 can be that the column chemistry indi-
rectly leads to a matrix effect in MC-ICP-MS. The most likely

Table 2 Recovery values and uranium contribution in procedural
blanks for various analytical methods

Analytical method Uranium
contribution
Recovery in
values procedural

Preconcentration Separation (%) blanks (ng)
Fe-precipitation UTEVAMq 66-90 0.08

UTEVAsno, 70-75 0.08

DOWEX- 47-73 0.13

UTEVA

DOWEX 57-94 0.19
Ca-precipitation UTEVAMq 54-76 0.11

UTEVAuo, 73-80 0.08

DOWEX- 43-64 0.17

UTEVA

DOWEX 44-123 0.18
Mn-precipitation UTEVAyq 75-93 0.16

UTEVAuno, 86-94 0.15

DOWEX- 58-84 0.16

UTEVA

DOWEX 51-109 0.19
Evaporation UTEVAMq 73-96 0.13

UTEVAgo, 65-93 0.07

DOWEX- 58-86 0.16

UTEVA

DOWEX 61-114 0.11
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reason for this effect is organic materials being stripped from
the resins during the collection of the uranium fraction. The
presence of organics is especially observed in the case of
uranium separation with solvent extraction (TBP), where results
show extensive deviations for uranium isotope ratios from the
uranium isotopic standard. There were still visible signs of
organics in the sample solution before measurements on an
MC-ICP-MS, regardless of trying to destroy any remaining
visible residue. This effect is also observed when uranium
separation was performed with extraction chromatography.
Results from the UTEVA resin prepared in deionized water show
negative side effects to the accurate uranium isotope ratios,
compared to results from the UTEVA resin, previously cleaned
in 6 M HNO;, which show significantly smaller deviations of
235y/238y and **'U/>*®U ratios from the uranium isotopic stan-
dard. Here, we can conclude that the presence of organic
interference can extensively contribute to the mass bias effect.

From the obtained results, the best coprecipitation proce-
dure for determining uranium isotopes using MC-ICP-MS is
coprecipitation with Caz(PO,), or coprecipitation with MnO,,
and the best separation technique is extraction chromatography
with HNO; precleaned UTEVA resin and a combination of ion
exchange chromatography and extraction chromatography
(DOWEX-UTEVA). These procedures yield the smallest deviation
from the uranium isotopic standard.

Table 2 lists the informative recovery values obtained for
each procedure. Recoveries were calculated from the uranium
concentration added to the water sample and the uranium
concentration measured in the sample after preconcentration
and separation using ICP-QQQ. Table 2 also lists the contribu-
tion of uranium from each procedural blank. The results show
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that the highest chemical recoveries (65-94%) were obtained for
extraction chromatography with precleaned UTEVA resin irre-
spective of the preconcentration technique. The lowest recov-
eries (43-86%) were obtained for the combination of ion
exchange chromatography and extraction chromatography
irrespective of the preconcentration technique. This was ex-
pected because, in the combination of two separation tech-
niques, some uranium is often lost during analysis. It is also the
most time-consuming analytical separation technique. The
smallest uranium procedural blank contribution was found for
extraction chromatography with HNO; pre-cleaned UTEVA resin
(~0.08 ng of ***U). The highest contribution of uranium from
procedural blanks was with coprecipitation with MnO, (~0.17
ng of ***U) irrespective of the separation technique and for the
combination of ion exchange chromatography and extraction
chromatography (~0.16 ng of ***U).

Considering all these results, uranium analytical recoveries,
uranium blank contribution, time of analysis, and uranium
isotopic measurements, we found that the best outcome was
obtained when the combination of coprecipitation with
Ca;(PO,), and precleaned UTEVA resin was used as the sepa-
ration technique.

Conclusions

In this study, different analytical methods were tested for deter-
mining uranium isotope ratios in water samples using MC-ICP-
MS. The analytical method with the smallest uranium biases
measured using MC-ICP-MS was selected as the optimal proce-
dure for application to real samples. The study results indicate
that the optimal analytical procedure was the combination of
coprecipitation with Ca;(PO,), as the preconcentration technique
and extraction chromatography with UTEVA resin precleaned in
6 M HNO; as the separation technique. In addition, the accurate
and precise analysis of uranium isotope ratios was achieved with
the optimization of MC-ICP-MS measurements by controlling
and correcting the factors, which can occur during measure-
ments as instrumental mass bias.

This experiment was designed to find any significant bias of
uranium during sample preparation that may increase the
possible risk of contamination of the analyte during sample
preparation and when the double spike method is unsuitable
for use for these corrections. We found that the column matrix
effects directly lead to the organic material being stripped from
the resin and can significantly influence the accurate determi-
nation of the uranium isotope ratio with MC-ICP-MS measure-
ments. By reducing impurity effects and other potential
contaminations, the most optimal procedure can be applied to
real samples where the influence of the matrix effect is signifi-
cant and extremely small isotopic variations need to be detected
with high accuracy and precision.
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