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Summar y

Sanukitoid magmatism is a uni-qaerl yfeRBtoatrer ooz
transitir@n0(bBl Oion years ago) that mar ks a
composition and is t hgewgdhytnatmi cbeé&Shhnglkeedi de
di stinctively entioampad iibh ebatimh mamctolmpati bl e
t hey for med by i nttlreenarct|li @oa amet ywe ledar | ovreuwds t

C omp o nHkonwte. vnearngys pects of sanukitoid parwaetl lal

as tmagmatic differentiati oar eanpdootrd mp,ocansta

| eadtiongmul ti ple interpretatisdms soft htelseéisr ulsiers
stable isotope sybt anmsTums @menai fifitd@lanliiuyott@ pe s,
provi de new 1insights into the f oPmami bhvaean

sanukitoids have 8&8&gnitfhiamarthley maemavieerand mo
which requires a hydrous metabasite mel't co
formed ¥il axfelduiedl osguigtgee snieilntgi ntgh,e s anwhkist oi d
gener bhyaedsubd-bckeompirmcebse | atSenAkchead. Ti I
systematics demonstrate that thech padeoiali
as modern arhowmagmas, U i sotopetbsphteyg mavteires
oxidised via a dtio fteBraemmutk i nheoci hdasn idg ¥si p |i anyc rae assnec
during differentiation due to fractional <cry
FeTi oxkHidgsls . Ahi gh TplrGeséstsounraelbiothedsh jga mintoeds or i t e
constitutea temed evfoltviédTidahiu&i ¢oiidati on trend
Crat on, stuhpepiorr tfibpsggmattk ohoi d fractional <cryst
high pré8sGiPa) ( met abaBi ¢S rielitgihngpressur eo
temporally and spatially associated with s
suggesting this petwiodenprng adhpr t ad s Aivedetio.
U isotopes, amukiattadiod®ad&iar pBTiGnari ly driven b
fractional Why semphies ataifdre.ct ed Aaylkitrhiiteedpr oc
numhehey Ipiontendtralatdsaomskigmaindt oi d and oxi di s

U otsope complbsotglbnsi me
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I ntroducti on

1.

TheéaAechean |y Proterozoi

transiti on

Il n the | ate Archean to early Proterozoi c, a
(Ga) , the Earth wunder went a transformati on.
forming granitoids, which are the focus of t

Arhcean t-onahdbgreamoedi orite (TTG) sui(eg.eg. to

Co
k o
Ne
re
20
ir
Cu
s a
an
(t
hi
Ho
an
Ca
roi
Be
eu
We
ch
t h

ndi e, 1993; Moyen and Laurent,. 20018 anmalyli
matiite | avas al most compl efeel@o ndari, sHO® 3f
sbitt @ pa8nzgll.okmhlanges in basalt geochemica
poret.e@@iondi e et al ., 2022; Kel | Zha nagn de tS cahlo.:
25)The sedi mentary rock record was transf ol
on formations (Bl Fs) and detrital (euganini
ney, 2010; James, 1983; whhuflaehlotared sHisautcth,
ndstones, red beds anda. @hsogrpcdhwe idte sala.p,peald
d Hiatt, 2012 nzVei,z&mPadnk dManekeamor phi c bel
emperature/ pressure gradient) met amor phi s
gh T/ P metamor@@hBsown neameé aselnson, 2019; C
|l der et, awhi,l e20tll9e¢ appearance of features
d regional dyke swarms indicate i (ecrgeasin
wood et al ., 2018; Ha Wluenewommutsh cdhhte malca,l 20
sing atmbeplkési d nOt hda ee@izloy ¢ P4 108 0(EaRag .
kker et al ., 2004; Gumsl ey et al.,amd17,; L
karyotic |ife is thought o @Bhaver Emerded?
stall and XAiagour € 012.41) summari ses the appr o:
anges. Overaldearthe PraterArzoheanransiti ol
e Earth towards its present state.



I abundant occurrences

infrequent or rare
ey occurrences

Age (Ga)
25

Neo-
archean

late Archean-early Proterozoic transition

3.0

2.0

sanukitoids
TTGs

potassic granites
S-type granites
komatiites

low T/P metamorphism
high T/P metamorphism
paired metamorphic belts

detrital pyrite and uraninite deposits
banded iron formations

red beds

phosphorites

mature sandstones and aeolian rocks
carbonate rocks

major sedimentary basins
regional dyke swarms
ophiolites

CO;- and CH,-rich atmosphere
oxygenated atmosphere

3.0 2.5 2.0
Age (Ga)

Fi gulrleSi mpl i fied summary of the key <changes
sedi mentary rock records, structur al features
Arch-eanly Proterozoic transition (~3.0 to
wh |l e dashed | ines show infrequent or rare occurr
exclusively during this period is highlighted
own compilation of reported santlkrtaoiudeoc Ot he
di stributions are based on Brown and Johnson
and Stern (2023), Cosgrove et al. (2024) , Hawk e
Moyen and Laurent (20183andPYéiaheér amnd HVMact kerf 2i0d4 2
Many of the changes described above ar
the Earth, ana tisn i mdr tuiemwclearon t(er Bestwwni at
al , 2020; Hawkesworth et al , 2024; Kel
2018)The geodynamic regime of the modern
' ithospheric plates separated by continuous
pl anetdés surface nmasntdme exmrvessiioom,ofgener at.



they diveogeamt,ramidgesecycling old crust 1into
converge at subduction zones.-sThéreepiliate ¢tcer
would not have operated (eo.nGuan ahwoatrtdearn a yeotu nagle.r
Sizova et al., 2010; van Hunen and Moyen, 20
rai sing the whagsododynamiod r egi me -sptryelcee dplda tne
tect omhershe transitisdryl eo pmadernt ebboa@rmiicss wa

transitionSeaauadyrn mgdt fearll gt erortehreoami ¢ trans|
crucial for i mproving our understanding of g
on biogeochemical cycles. This topic is of

only knmoevtn wiltah active plate tectonics and f
the only one to host I|ife. Constraining the

have i mplications for understanding our pl arl
i fe

The granitoids that make wup the cmprndsd erendd,l

al beit incomplete, reaaogrnds Pofottelre zlod tce t Aramlbsd
geol ogi cal archive that | utilise ilnohktanlilsy t
in cratons, which are ancient, stable bl ocks
section | review the compositfionmingvolani

across the -édantley APcthhte@amozoi ¢ tr aensti tcioonns.t rlaitn
and theories on mantle temperature and pote
time, as well as briefly describing the evol

transition.

1. 1EVial ut coomt iofernusdlmposi ti on

Preserved earlig. Ar Glmagamconh4.i hent al crust i s ¢
which are the I|lithological association of t
trondhjemites a@ddahanedi adi.t,esl981; Moy en,

Martin, PRI®dadf2é¢ rocks are characterisedlby | ow
1T35% of total fel dsp&XKrG%iinn gtramaldiitoes taersd atnrde
1.2a). Their remai ning mineralogy consi sts
lesser amphibol @eMdyheonr nbhénMapdand,i R0tlr2gndhj er



granodiorite

tonalite,
trondhjemite

granite

L
A 10 35 €5 0 P Na Ca
C) —a&— Average TTG
(Moyen and Martin, 2012)
102 i Average modern upper

continental crust

2 (Rudnick and Gao, 2014)
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Figue€ompari son of Archean TTG compositions (Dbl
continental cruern@piynkl) agapmQABmMparing the mine
and granite. Q = quartz, A = al kal i-N&@®d dtsepraragr W
di agram comparing TT-&bkabi hkemmgdcdar secakes di ffer
figdbefrom Moyen and Marti-mor(n2allizs)ed cREECIp acthtoenrc
average TTG composition from Moyen and Martin (
continental crust composition from Rudnick and
nor malftiosédhe ClI chondrite values from O6Neill (2
pl agiocl ase i S mosBDY%w ahbgobli asg. (IThey ar e

di stinguished from modern upper200td@ts«snenéal
(Moyen and Maomp ar, e2@/OM@3OK 9 f or modern upper
crusRiudnick aniy,Gadyg, haoiap highl y -nforrancatliiosneadt ¢
rare earth element (REE) patterns due to el e

|l ow heavy rare earth el ement (HREE) concent



(EU)figorls2)ontium (eSggpondnemallio®s; Moyen a

201.2)These geochemical features are thought
mel ting of hydrated, l-ei nkrei |l cyh eidn, ¢ ormept aat bi absl i et eesl ¢
stability field without significant resi dueé
geoam e al molel.edAt t hgand Hanson, 1972, Condi e
Johnson et al., 2017; OO6Nions and Pankhurst,
2008mnd partial me (¢ .i gy eerx peemrd mé&ine sens, 2006 ;
1991; Sennnagndl oDy ; Wi nt her, 1996 TTGEG@hadgselte
systematic variations in their ttrhacti 'YEE | e me n
concentrations, that are traditionally 1inteil
over a range lif>2pRPaeseHagésaa €+ al ., 2009; Moy €

and StevensThepwyO&epre consequently categoris
grouipsl ow pressureo (high HREHEB)1.TRTGEPat, hafithi fg
pressured (low HREE)O2T TG3sa ,t haantd ffiomendeidu natpr es

t hat formed at i nt(eHrarhd cai adte aplr.e,ss20®®8ce Mbye
studies propose that mineral fractDiomgletcrals
2024; Kendrick et al ., 2021; Laurent et al .,
Rol l inson, 2021; S miffl uu ede d e(neoaut ri thega2u0 1€9t) al . ,
silicification of (Ahdrm®etabasite2peadtoblkdah,;
and hybridisation & Heuwuh 8viopgnetee nneeglrto fentaycatli.o, n
al so have Dbeen i mportant for generating TT
variability.

Il n contrast to the early iA2.cthe@a) dcdhw d asgieg
di versification ile. aanehbdi et magdmas 2014 a;
Classification and nomencl atur e of t hese I
devel oped by multiplChasmpudnesn {lio®hRgpayae no ceutl a r
al(00,3)aurent 26tkhaanlMoy e(®d020)The key petrolog

geochemical characteristics and proposed pet
granitoid are summarised in table 1.1. TTGs
of the Archean (2.5 Ga), and opr stoenfeo apadiacc e s
Bruno et al .and2020;g,Waandg2 AM)er e now |j oined by
granitoids. Sanukitoids ar e i gneous rocks



Tabl® Summary of the key petrological and geochemical characteri striamsst an
Characteristics taken from Laurent et al. (2014a), Martiinn et20al2) .( 20Mi9%N)e,r al
PI = plagioclase, Qz = quartz, Bt = HiedtdiPtpa,r, Hlylr ox emcer, n tMse n=d ePAI/sEPK I % ecfDd HGa t
/| (CaQO ++MN¥Fe©= total iroffe®Oxpressed as
TTGs Sanukitoids Biotite GraTweMi cGr anit e
Tonalite, troDiorite, guart Granit e, gr Granite, | eu
Litholo granodiorite monzodiorite,
rare granite
Miner al Pl + Qz + Bt E’I + Qz + HbI Pl +st+|3| + Kfs + OQ
with scare KfNEp N Grt
K20/ NG@ < 0.6 Variable but o> 0.6 > 0.6
Sodi ¢ Moderately pot Potassic Potassic
Al uminium s{& 0i.19 1 & 0i.17 0 01.0 O 1.3
( A/ GNK SIlightly metéeéMet al umi nous PeraluminouStrongly per
sl i gretrlay umi n
Ferromagnes|{O 5 wt % 5125 wt % O 4 wt% O 4 wt%
oxi drees@+( Mg O
GeochemiMnO +)Ti O
Cl chomdmrmalfSt eeply fractSteeply fracti Variably frVariably fra
REE pattern{LimitadoBbaly Li mittoeds!|l i ght|l Strong negaStrong negat
Eu anomaly anomaly anomaly
Ot her di st Hi gh Mg# Rel atively Enriched in
characteris Enriched in bohighly incocincompatible
( Ni ,an@r )i ncompitrace el emeel ements (e
Sr, LREE) tracRb, Th)
Mainly partieélnteracti manbkeMainly partParti al me | t
Propos: hydrous met atperi dotai tcomprodof -pxiestingmetasedi ment
petroger garnet stabilderived from r crust
materi al




incompatible el ements whose formation requir

mantd.eylartin et al ., 2009; .ShSarneuykiamd dka ms oen
but distinctive compamleyntProdt d ra@ z2¢lida cthemaman e
al ., 2010; Laurent et adnd, 2&sl 4tah e yMMaamd nt hed
this thesis, they are discussed in detail i
biotite-mand ¢Ygwanites, also started to becor
continental crust. Biotite granites are the

terranes ¢eftgaur®BhGs eaa Moyen2@id4ahd, a2eO0gener
t hought to have for med bexiisttirmng (duls@ead r entsetl t i

al., 2012; Frost et al., 2006; Mog8enWaet kbahs,
et al ., 2007; Whadalemheughla ,cdD®ldg of recent
some biotite granites formedewryi phaed iiad petl &
by dtewmperature hydrothArdmal etal akbrat i2d®drmr 2; L |

Strongly perani cmai dhusccodowet e) granites are |
biotite granites. They shaetw pneangyr asniintielsa raintdi ef
intracrustal melting off.8reakiseaypydoMemgteas ad
and Kerrich, 1992; atnidigpyests i dll y, t20d@)Xd i ncrea:
sedi mentary sources aearmnlsy PRrhet dradz8ouiéch othreaam:
and Spencer, 2019; Moye®yaendt esuaneadt al RalLBh
make rare appearances (en BloatreeAranlde & Hieair reair
Champion and Sheraton, alnd9 7;y bMd yde ng,r anG 2 )i d s
by inte

et al ., 2@ 10et Laalur,e 2014a@G|l dMoylelny, 2t0Ré ) di ve

granit

raction between the vario@sglgmaindd oi c

oid magmati sm was a diachronous change
SinghbhumeCgaanadhur i edandlas R2Ot2&€)as «wo-2. 1 G
Francisce¢e.@ratnon et .alFor 2MAd)vi dual cratons,
granitoids was emplaced oveib5@ mel bt omey gash
in comparilsoomgperoi oodheof TTG generati ©B80@ hat

myr()Laurent e} al ., 2014

The evolution of granitoid magmatism descri
chemical composition of conti neartlay Rmatsdr ama
transition. The wupper conti ndent@gdndcireu,stl 9%9%3c;
Kell er and Samdemwas 201 2pcrhoeddu ciinn gh eealte ment s (



K), which may have been cruci al for (¢.he. ther
Rei mink and Smye, 2024; CSBokbeaneat¢t oals. of2008

el ement s, including REE, |l arge i1 on | ithophil
field strength el ements (HFSEi2e.0g.GaHf ,whNbl,e Tt
el ement ratios | i ke Sra/nl amud alneo/mvabd i @ & c rbeesacsa
strongl yen@goadi ee 1993; Condi e et al.. Th2z023;
upperticnoenrnt al crust may al so have be(c@hmen mor ¢
et al ., 2020; Dhui me et al ., 2015; Large et

2023)al though the magnitude of this change,
change in uppat d¢chustdli mgiGarendeld#dd Greb
2017; Greber and Dauphas, 2019; Keller and H

et al ., I202a8)dition, TTG geochemistry evolved
LIEL contents (Sr, Ba, Sr/Y) and compatible e
100*Mg [/ ] My eb(BTler vted Johnson et al ., 2019; I

Moyen and Lauremdse 20hHa8rnges in part reflect

Ahi gh pressureo TTGsMoynen,he2O02a0t;e Morycehne asnnd L
Additionally, shifts in the stable isotopic
continent al crust are seearl dgurPmagt etrhbez ol at e
| ncr easyegsen ni oxt ope UED)mpaorse trieopnosr t(ded. Bhotl eéb ot h

et al ., 2021; Smndhg&ksBeamhdaelman 20a2h) ., 2024;
al., 2016; Valslceay est. &lor, s20®onvalsweopes, T
appear to decrease from the NeoatZheanet oal!
2024)

The compositions of igneous rocks primarily
and the conditions ( gO)e sosfurnee | ttienngp, e raantdu raer,e |

by any subsequent di fferentiation (e. g.
assimilation) of t(eh.edey e i amad yL anargemats, 201 8;
Pease, .20h%) changes observed in gra&mirtlyi ds

Proterozoic transition must therefore reflec
diversity of granitoids, particul arly rega
indi cat eseattheat vargety of source compositio
granitoid magmas in the | ate Archean than ir
mel ting of metabasites to form TTGs, t he



t hems esltvaerlsteedhg i nvol ved i n granitoid magma (
t wmi ca granites and bioeihaeumgermamnmiaetesalresp2z2l
2020; Moyen and. LBhuirentan@®18) sources in p
crust al reworking at this time, which grad
el ement s, I mpalowdiicngrghedtement s, I n téh.eg.uppe
Moyen and Laurent, 2018;. R®antiinnke natnadl Semmyeer, g ez
sea levelribkteeédg tconthis diversity as abunc
produced by weat heri neg. dprfn dth,i s2 Ge2rBe;r gBeudc hcorluzs te
2019; Reimink andh&my e dh®®G3wdsi ciat e t hat sour

that had interacted with the shall ow hydr osj
petrogdene®iimdeman et al ., 2024.; CShmaintgheise si ne tt
compositions of TTGs appear to record an inc

the end of the Archempatwhilkeehiegnent concent
greater extents of interacti o(nT.beBE.weJeonh nTsToGh m
2019; Martin and Moyen, 20.02l;n Mogretnr aantd, Lahia
trace el ement composition of the bulk upper
La/ Yb, document a shift t®. GdorndilleoweX9ddI;ptd@asn
al ., 2023; Kell er. ahlle sSc hoemel, u s2i0almls) dr awn

granitoid composititoen Aramldrdery pPconstoaoincl ge

1. 1L &t.e Ar-edirelayn Pr ot erozoi c geodyr

The geochemical compositions of i gneous 1 OC¢
i mportant | ine of evidence used to constrain
l ink between a magmads geochemistry and its

straiwahtdf,orand it is wunlikelfydYobpehaandalanr g
2018; Roll inson .anfhiBegpgeo,bl2m21)as wel l as u
much hotter than present Arcde@anmandne Eemp
2017, Herlzber,g0sei@gnai fi cantly contribute to t|
early Earth geodynamics and when plate tecto
an overview of constraints on mantle temper
current t heordiyensasmabsutdugeog -eael yl aPeotAerchz

transition.
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T, from non-arc basalts T, from thermal modelling
¢ Herzberg et al. (2010) - = = = Korenaga (2008)

Ganne and Feng (2017) minimum T,
Keller and Schoene (2018)
Dash et al. (2024)

Davies (2009)

FiguB®roposed evolution of ambiend wmaetl|l ¢ hpottamt
hi st persyt.i mat esarfac obmanaints are from Dash et al . (2
(values calcd! &eed Oud9)ng HEezberg et al. (2010)
(2018¢stiTmates from ther mal model |l ing are from
Model Jfeodr Tt hree different Urey ratio (the ratio
surface heat flux) values (0.08, 0.23, 0.38) frc
Tomodel from Davies (2009 Ws&8s a higher Urey r at
The temperature of the Earthés mantle is the
(e. Brown et al ., 203Q0julLenam=didc,i2D2@mYs; change
the planetds history. Both geocdremilzté@d aglctosr st
Dash et al., 2024; Ganne and Feng, 2017; Her

201,8)and thermal Dbamodes$s ) i 2g09; Kawenbagaen 26ed)
reconstruct mantl e potehtoaghtemmer dfuge QT
(e. ash et al ., 2024; Her zber § agopuenlch,e axsl InQy;
through the early Archean to -rewae hApelhdaamremp
cooling towards ppbphe~@CBB Eenti mad ye siTeomp etrhaitsu rpee
are ~2Z300C hotter than present. The other scl
temperatures were morleatneo dAerrcaitdedd nh et5hdee rmitdh a

10



present) and have been steadily (eo®Phvingssi n
20009; Ganne and Feng, 2017, Kell er and Schoe
Hotter mantl e temperatures would have reduce
crust t hat,amas ptolsisalhdigawepkesent dag. go.ceani
Sizova et al., 2010; van Hunen and Moyen, 20
There is debate about whether this oceanic |
(e. BPavi es, 1992; van HupbpenhaddgMewnéeryr BEHA) I
e. el l er etthhdn ,pr2dsldnt . These changes alter
tectonigcs s(leab pul |, mantl e convection), anc
possibly t he viability, styl®ubguat eont ea
Ther momechanical model | i ng i s used to i nve
temperatures on gewdiyesamhagee &Gemer mtned that
unabl e to operate untRDiO2t5ednpheirgahteurr etsfeafrg.lplr etsc
Gunawardana et al ., 202vh;i | i Ddwaeret faln.d, th0l
at these (eobBdneslpdnn80van Hunen and van den Be
al , - 2WNpbHhate tectonic regimes proposed for t
Asl uggi sho or Asquishy Iidd modes with some
pl ate bo@ndauies-o et al ., 202Ver Riozall etuatl:
may have dominated over the | at egtayy| emogli atne
tectonics, with features | ike crustal dri ps
crust al d dd .a@d miatt oot al . , 2019; Johnson et
2018; Rozel et al ., .20AlIT7t;,erSn aztoivvae leyt, anl u me r200uls
some form of subduction may have operated o
di ffered fr om-smoydeeron sfubbedruicafifo n . Many model s
subduction was i nt-leirvned femiqgulemtd Dlideb tgbr e ak
Gunawardana et al ., 2024; Moyen and van Hune
et al., 2019; van Hunen @ahd VVawedepl| Beegmi @
subducted at a shallower anglnader theaasd.ngg a
Perchuk et al ., 20255S08BezevadetesabuppddolOfas
a hottee. @aNeihl | et al ., 20Q7 ;whRdrec houkh eats g
that 1t was mor e gel.ufgogliesyh t2h0a2ndO\p e2elslledn)t geody
model s support the onset and stabilisation o

11



style plate tectonics adge.ngaunntal wea rtdeanmpae reatt uarle.s
Perchuk et al ., 2025; Sizova et al ., 2010)

Given the diversity of geodynamic scenarios
surprise that there are multiple different i
changed during -ehel yaPeoAecberanc transition
lentatur e, the dominaappehesspei hhatmewdi hg sc
subduction may have occurred Hn vtehde aenadr Irye |Aart

uncommon phenomenon wuneaarll yt hRer oltaetreo zAr a«h ewahne |

mor e stmablwa de eprgauandawar dana et al ., 2024; H.
2024; Moyen and Laurent, 2018; N.e bTeHi sstchmdng
may signal the begtwnhne ngl atf e moeletrmni cs at

subductildmsion (Wi lson) cegcéaer emt aedayl alb.a,l
although discerning when subduction <changec

representative of a gl obal net wesrtky | ef pplhat
tectonics) i Se.dgidvik esuwdr ttho etteldl . | 2024 ; Ne
somewhat related theory is that the geodynar
this transition from a fisluggish |Iido or ver
tectonics, with the onset of(e.sfucbkdeurcmha no ne tocal
2022; Brown et al ., 2020; .Smhiki en@danhdi €h amp
geochemical evidence that deep recycling of
e.Qui et al ., 1202202 | wareitalal es controlling
of subduction (e.g. | ithospheric thickness,

man talse¢ henospheric mantle density contrast) \
the whole planet, twbi dihacbubdoegphaitlenrge of
Huang et al., 2022; Martin et al., 2009)

Anot her common opinion is that many magmat i

early Proterozoic transition reflect secul ar

t her mal structure of subduction zones. Thi s
angl esst eteofee®er chuk et al ., 2026r Subdwuatiedn
become (eadgtodrey, 20,24and20t1BBgse changes, i n
overal/l colder mantle and sl ab temperatures,

during subhdeicltoouwms of slab melting was cons

12



dept

hs, making ascending melts interact wi t

(e. Martin and Moyen, 2002; , Mayedn maydalasor @At

it from melting met abagei.tgeasu rteont meeltt i|i&logo | seeldOi 1
geotherms would resul't i n | ower degrees of
interacted mor e extensively wi t h t he mant |
consumed by met as@@.mfiaritci m eatctalon,s 2009The&oyel
subducting slhaabv emabye covneen t oo cold to mel t,

becoming t he domi nantLaprioe e =4 ian st,ea2l013;

Consequent!| gr op ttsheadt osfutbednucti on geometry and
resemble modern subduction more <cl esaellyy by
Proterozoic transition.

A few studies advocate for a geodynamic tr al
subducti on. These author s -liinvweodk ec rtunset aé¢ v odlruit
gradual |l yedidrets@ ehntde manhdweeamwmdne magy mmetri c
l'ithospheric fl ow, resembl i(@gdleabelubatucal on

Smithies et Salal,l i 2n0g2-to¥fr ihvoetd, smaannutkliet oi d mag ma
of the crust may have provi dleNe hhelate tt oaAlme,l t2 (
alternanigpr Dp thatedhley | Rt et Arocheiaa transiti
a geodynamic change at al . Whil e decreasin
still significant factors influencing this
emergencmet omewgt al crust above sea | evel and

be more i mportant than geodynamics for expl a
particularly granitoidfe.dompmpdsi t20o2n3s; aB®dtah ic

Reimink an@4pmye, 20

Il n s
been
t he
stab
Laur
Moy e
subd

poss

ummary, there are multiple theories abo
i nvolved i-eathg PabéeeAocecheantransition.
onset of.BubdWdocetoml ., 2020; Smi,t htihees ar
ilisation -©ofylgd oplaa tlee. jleelektressnw ocrst h et al
ent ead)omala,clR@8ndge in the. HdYtaylte nofetswabduyc
n and Laurd&dht era@tByely, It represents
uction and (ep|dhetbee |t eectt oali.c,s 2018;, Somi t hi
i bly there was no @egdwndami @NDe2WB acngres tarta i«
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are therefore needed to el uci deaatrel yt hPer ot eeu soez

transition.

1. 1CBBanges i n atmospheric oxygena
late Archean-

5 early Proterozoic

> transition
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Figuh:dhe blue curve shows the evolutiaebOg@lo,f at mo
relative to the present atmospheric | evels over
et al. (2014). The dashed sections indicate that

Event (GOE) and Neoproterozoic Oxygenation Event
The dashed arrows indiglaefeompostshidl EOBWhTHh Eé sor ey

the | at eeadAricyheRarnot erozoi c trmarGai.tion from ~3.0 t
At a similar time to the changes in granito
transition, the composition of t he Eart hos
Bet ween ca. 2.@5Bekkel. 86 &&bB., 2004; Gumsl ey

et al .gl &WaZI1l)at mospher i c 2)molleevceull sarr oosxey gfemr (tC
from neglibile amounts ( Pl.vddOlv% anfd tkKhhedst madye |
up to ~10% of teh efonha daenrdn, |2e0v0ebl; Kanzakin and

what has been | abelled the (iBopebhan@xi gaoRpnd)
The timing, t empo andi nnecargenaisteu daet otfhet h@GOEO a
constrained by geochemical signatures I NS¢

di sappearanicedoepenmberst sul fur (ei. Peetkkpea ferta catli
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2004; Farquhar et al ., 2000; LuoTlkeralis 20
di sagreement about the(eeBa&keti mtnglof ©B64¢
al ., a&amd l1yhet her 2twmes rai ssei nighn ¢ @ event aodr , 201
happened @t Gpwssey et, alut, thGlr7e) i s 2laecvehsens
had finished increasing by ~2.05 Ga.

The rise in 2attmotshpeh eGOE iOs primarily attri b
cyanobacteria, 2whiaclphpntn o@ydeaabt®sng, 2013; Ol

al ., .20Rdwever, evidence supports t he exi
cyanobacteria ien @Btrhoec kAr cente aaml . |, 1999, Far gt
Schirrmeisteyr meamilng pRMWOdAdt5gsynthesis I|ikely
million years before the GOE. There are nume

composition and geodynami-eal duiPrmget beroilate
may have also influencied tthe attmnausnuhearne .onTlod
more felsic crustal compositions and decr ea
woul d have redpprdduattiesn odataHesmdirepenrgt ienti  al
2021; Smit andaMezdecrea®9aé&d)the abundance o
(e. ¢? 2I5e. bee et gl .dinmnlighing the 2magktude
This shift in crustal composition might have
by reducing t he availability of ni ckel wh i
met handg.efienhauser et Eanldogen00c9)oxi dati on of
retent i?torv ea¥tiAteer esi dual garnet may have gene
crust and helped shift the rgdiangbaltammde ,of2
Establishing subduction and pl at e tectonic

subdartiates of oxi di sed mat erlitaelr,e ds uocche aansi cn

and caamonsmuildhursedi ment s, causing a gradual
state of voécHoikcamase?009, 2002; Cdbepkingtt
process with |2xxgsass afo rsepdacceedniHyht have hel pe.
of the Earthods su€atkcengnedt caust 2001TheCl ai
composition of vol canic gases may have al sc
continent sl eabedlv.e TSleias caused a shift from sul
vol canism, for which degassing occurs at | ow
sul feurgai l l ard et al ., 2011.,; @&aumtpi naenndt ab a rel meey
would have also generated increased weather
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phosphorous, molybdenum) to the ocealdaop enha

et al ., 2020; .ScTohtet eevtolalt.i,on2 01f1)t he sol i d E
were hence | ikely closelyeadarninkeldr dtuen mgoit et
The GOE hugely affected chemical processes
could now occur, which significantly -altere
sensitive el emeffet.shgysoncsh aansd sGiilélowaz alna)be et

al ., ,2023E.ndCbi Fru etamd . ur r0ifnoney, . 2010)

Consequently, the chemical an-surifssodeo pmat ecroil
(seafalter ed oceanic crust, sediments) being
meaning the e@dOmBoitmmpandty the Earthés surface
recycled materials can end wup in the mantl
increasing amagygs hlheri af@Oected magma composi
studies report differences in the chemical a
t hat are interpreted as recording secul ar c
mat erials due tohemica eas Admatdimaetp al . , 202
Andersen et al ., 201%ralLiead att . al 202301 Bt oMg
2019)The igneous rock record therefore provi
t he GOE i mpacted the deeper par tpot efht ibalolgy

influenced magmati sm -darinwgPtbteeltatei Arthanas

1. B83anukitoi ds

Sanukitoid magmatism is a di steanrcltyi vRr ofteeartouz
transition (fig. 1.1). Sanukitoids are a typ
in both compatible (e.g. Mg , Ni |, Cr) and i n
reflecting the involvement of both mantl e a
formali gaili mo et al ., 2010, Martin et al .,
Stern et.alThe §688hemical composition of san
tansitional bet ween those ofArArhehheaanerTghG t S|

Martin et. allhey 20i09pl ay highlynoéormeakti oadt &I
patterns similar to tfo$aidafhi EhG@Gasnp@foing. 210.0D
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becComparison -Bédl dAdopghetaer ozoi c sanukitoids (g
e) -Andhpastgranites and upper cnorsbOKNNGANTt al cr
e REE concentrations are normalised to the C
re 2.8 fromTheaugeondthe(nOcla2l) . compositions of
ukitoidd in published literature are taken f
hemi cFaoll |doamtian.g Martin et all.t e(r2e0d0 9f)o,r ®©shainsp | deas
t %t 8i @xclude samples with geochemical Comp ¢
i fferemti doNa@a Kt ernary diagram comparing sanulk
der n-alcladlici ne differentiation trend. After fig
chondmwoirtnreal i sed REE patterns O®2 wtv¥ri@og® Maarntuikn te
al . (2009) , the average TTG composition from Mo
modern upper continentfalomcrRudini clo mpadi t Gaao (2
concentrations are normalised to the CI chondrit
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u
r
u
n
c
w

JooQ@ o —*s—~m
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Stern et ,abut 19&9 kwll ialneadicff erentiatiron tr e
Archean grdnibeegle( fGlg.veira et al ., .2008; M
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general, sanukitoids are 200 d@ala.tMolyye np,0,t2a0s2s0i)c
making them intermedi ate between the sodic
Constraints from miner al chemistry suggest

wat-reirchoaindi sed, wvit tHn>xd oxygenz) fofaddNGBy t(of O
NNO+2.5 (1l og units -netheli vextdethefihecketomp
arc ma@dasOliveira et al., 2010; .doAbdascr msan
of t meior at ¢y and geochemically transitional
to reflect the evolution of continental cru
during the -dartley AR rcditeearngez. ogiacu rternatn seitt iadn , 201
et al., 2009; Smithies and Champion, 2000)

5cm

Figu6e Fli.eld photographs of sanukitoidMgfdomrti he
suite, Pilbara Craton. Photogr appmsoft akefnr dgyh Lawrmr
medi-gmai ned equi-goanbl an dshaindutkoittieotied-g r e o dDioorriittes
sanukitoid outcrop containing a microgranul ar mas

The vast majority of sanukitoid occurrences
subvol canic sanukitoid ma@em@tiysmthave ,b®d5j
al ., 2017; Shirey and Hanson, 1984, Smithi
Sanukitoids cover avaiyel istthoamgd aanigiey easn da n d

di orites to monzodiorites afNfli gfcade6 i) o mot ed
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al ., 2010; Martin et al . ,. 2ZIhE9;r i eremr admod yH:
a qu-amtdz pl aglioond Ilnamased matr-i gl avspar |l ebBaerc&nt a

or Aclusterso afmamafiyc hormét @hsle and bi ot

pyroxaeama somefemdspHr phepaoactriystest al ., 200F¢
and Champi on, 2000; ASteenserty aphasd®d8®ound i
mainly magnetite, il menite, titaniet.egle apati
Ol irvaei et al ., 2010; Laur ehhucéatenlad . et. 2@l4 a;
Mi crogranul ar mafic, generally dioritifeée¢gto m
1. 6b)Beili mo et al ., 2010, Martin et .al ., 20
Rae
Province - Qc:
; Atlantic . b . O
Province Baltic Shield f ey = -
Sarmatlan '
Craton Tarim \
Craton I K
Wyoming _ S %Aravalll A"_:" e ol
Province Province U L Crato\n.“-- FJ
< NS # :L.-) North China
. Séo Jose do /i S A e
> e Campestre ]\ ' Tanzania Bundelkhand Craton
¥ Massif K Craton J Craton
: -y Dharwar © v
West African ‘ Craton Bastar&é}
Amazonian Craton ( Craton m\_\
Craton Congo Pilb s
S Craton ) Mrﬁ dagascar leatfgﬁ s
5 i . a
Sa"&;ﬁgﬁ'ﬁﬁ \  Shild 0
o aapvaa imbabwe i
@ Sanukitoids reported le‘°8€ s Shon mbabu \glg?org < jy
@ Archean craton o FiataCraton e -
< i Proterozoic shields

Fi gur7eSpati al di stribution of Archeawrccamnmde nPcad se o
reported in published Iiterature. Simplified di
shields is after Bleeker (2003) and Groves and £

Sanukitoids are a minor but ubeamliy oRisSOtc®MPZ
terranes and have been report &d. oModthes anay loir

magmati sm occurred duriinZg. 5 h&a)Newhaernc hietanwdg £

wi despread, but it was al so fairil2y. 8 oGamo na nidn
earl i est Pal eopRotderCGaz)o8) cf ifgzaf=®lw ol der occu
sanukitoids have also been reported, dating
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3.4 Ga) on t he( Vinldbeanrbau r @r aettA nasima,l 12 ®2u3)st of
magmati sm appears to have occurred -etaowar ds
Proterozoic traas05i 6a whem2s@0Oukitoids are
mul tipl elecdiadomset al ., 2020; Angel et ti et

Terentiev and.SaAntesh~22G&A7) sanukitoids prac
rock record. Sever al studies have identifi

Ar ch-®aheootperrozoi ¢ sanukitoeSdrdsgr anriitmea rsiloyt ehsi gft

postol I i si onMea.l Gsveltari ngmsd RoC:¥iHnLsioun ,et2 042 ;, 2 0:
Wang et al ., 2018andhdiolgi ccad adaki t2é€s 90)al so r e
Mg andesites) foghvareadaniacearas., 2014, Ma r
and Hermann, 2010; Tatsumi, 2006)

I n the following sections, | first review ho
sanukitoids in order to distiw®a@uilyh Prioemr dbe
granitoids. | also detail the terminobdagegdre
since their initial identification. After tI

the formation and di ff er eanntd atthieo nq uoefs tsiaonnusk itt|
about their petrogenesi s.
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Age (Ga)

3.5 3.0 2.5 2.0
Paleoarchean Neoarchean
late Archean-early Proterozoic transition
_____________ Sarmatian Craton] | - oo oo
_________ RiodelaPlata Craton| ... A
___________ WestAfrican Craton| ... MW .
_________________ Tarim Craton| e W
________________ Bastar Craton) R
oo, MvavaliCratonf ... HA.® ... 1
__________ Bundelkhand Craton| M e
_______________ Slave Province| e e
____________ Wyoming Province| . WMl
Tanzania Craton [ |
. PReeProvince| &
... bhawarCratenf | amm.
_____________ Zimbabwe Craton| W
__________________ Baltic Shield| W
________________ CongoCraton| W
~....._.._.SuperiorProvince| | N N
______________ Kaapvaal Craton| @& W
_________ Séo FranciscoCraton| W WNNEN = Wew
___________ North ChinaCraton| ... @& W HWss =
____________ AmazonignCraton| W& & .
________________ Yigarn Craton} & NN
... Madagascar Shield| I W .
Limpopo Belt [ | Il N
Sao José do Campestre Massif| W @
PilbaraCraton |l HE B B E E =
3.5 3!0 2!5 2!0
Age (Ga)
Figa8a@demporal distribution of Archean and Pal eoproterozoic
reported sanukitoid magmatism for each |l ocation.
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1. 2Ddli ni ng and identifying sanuki
Sanukitoids were first recogni sed as a di s
separate fr ®&mi TEGs anflyoBanwba descr-ddeéreidveamhnt
monzodiorites and trachyandesites from the
Province. Shirey and Hanson called these r o0
di stinctive geochémi taavcearcshaatr wainca beirg s tMgc#s a n d
Ni , Cr and LI LEwictomckind eéMagn eadidiegsh t es from t h
vol canic He.ldatsdampan2006; Tat sumi wanda hl svkeir 2
originally named&Kofi(®hakHdweawWero, bsyanukitoid I
been described before this, parti uAlrarhl yaneal s
Hanson, 1975; Beakhouse, 1a88; i bonget &fi her i s
t he Bal t(é .chle&rhtiiedn det al . | 1983; Vidal et al .,
Foll owing theiSteirdherndd@&8@lcapooead the first |
geochemical def i-fhaltdomr dtoer Az aciheamnanuki t oi ds
the southwestern Superior Province (table 1
Asanukitoido to roe=l @&tbiOv ewlt wo)p rdii mirtiitwee @MNIAO mo n
was expaBttednbgndl HuIYs aomcl ude t he mo-Mg di f f e
granodiorites derived from them, collectivel
Asanukitoido has remainéd tar pMg fm@di phy t g& o av
proposed as an alternative 8mmehfes Andh€han
2000erpcause of geochemical di fferences bet wi
Set ouchMg haingdhesi t es, namely that the Archean
concentrations and La/kiwgb arnadteisoist etsh a+#iptwlee e h |
di orited has snomi dbeden asseficcaanuki t oi do i n sub:
Over the past t wo decades, the geochemical
evolved, with an emphasis on disti ngeiarslhyy ng
Proterozoic granitoids (i .¢e. THGs$ ) abiedot iatl e , ¢
Heilimo et al ., 2010; Laurent et al ., 2014 a
Moyen, .2@€2@aprsi fication diagrams for | ate Arc
Hal | a(2at0,®eli.l i m@ Oelt0DfHa @. alhadur e n (2 OeBAf & Igl.Q .1 .
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Nazoszo
(Gel/Er)y

. . L
O = T I T I I 1 T O
0 2000 4000 6000 O 2 4 6 8 10 12
Ba + Sr (ppm) MgO (wt%)
(Ba+Sr)/1000

Ba + Sr (ppm)

6 .
Er(ppm) 1/Er Er

® Literature sanukitoids with < 62 wt% SiO, Low HREE TTGs

"3 Sanukitoid field from Heilimo et al. (2010) () High HREE TTGs
Figue:€l assification diagrams for sanukitoids anc
and Heilimo et al. (2010), after figure 10 from
HREE and high HREE subgroups. The geochasi cal {
Asanukitoidod i n,pludtlt ed eddntelagkteane @& tr orme my own c 0o mp
published sanukitoid geochemical data. Foll owing

for samplOe62 witt%t ®i Cexclude sampleal wc o mp ogseiotcihoe
significantly affected by differentiation.

I n t hese di agr ams, sanukitoids ar e separ at
enri chment in Ba and Sr, their hi gh MgO con
Laurent et al . I n the combinetd NgOlantet[eSr A+

figlLdp,l.and their slightly mOfr®) poSasskctonts
di stinguished famomabigofint ¢ eamadrgkieendm | b Y meheéisr i
Ba, Sr and Mg, but also by their | ower Al C C
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TablzThgeochemical
geochemical

par ameters

characteristics

us eRda lieno plriott eerr eotzwa ecd cseadbnnupkaittth @i odss/ ,eorf a gAer cwh
IMaw t i Rr et emas

usedi t andrii& isganguukiistho i ldest w er eonm

nor mali sed REE concentration.ckEoah@&urtesnohmaEusadoREEypaftar &I
Stern ) ) Martin et al
Stern HeilimLauren Lowrey e )
Papé¢ Hansor Average composit
(1989 (z al 82 (2023) R )
(1991 062 wt% Si O
- SanukitSanuki Sanuki Sanukit Lowi Hi gThi
Ter|Sanuki , , _ ,
suite seriesensat (at 60 Wt sanukit sanukito
SiQwt %)] 5560 5573 5570 4570 60 06 2 06 2
TiQwt %) 0.69 1.21
Mg O (wt | 1.159 1.159 4. 33 3.39
Mg # > 60 4362 4565 4565 > 50 58 47
Maj or FeO* + M
. 5125
El emenMnO +,(TwtC
NalO (wt Y 4i5. 5 4. 49 4.009
K:O (1wt % > 1 0.7154 1.755 1.1i55 3.04 3.20
K0/ N@ < 1 0.32 00. 5 0. 68 0.78
P20s 00. 5 0. 42 0. 72
Mant | V. (ppm) >50
compat Cr (ppnm > 20C 0150 20500 > 80 143 58
trace _
Ni (ppn > 10C¢C 15200 > 50 69 36
el emer
L Sr (ppm > 50C 500200(¢ > 400 1202 9914
arge
I't?\ Ba (ppn > 50C 500200 > 100 1493 1445
[ 0
. Ba + Sr > 140
el emer R
Rb/ Sr < 0. 00. 1
(LI LE ]
Sr /Y 030
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Table 1.2 continued:
Stern o Martin et al
Stern HeilimLauren Lowrey ¢ )
Pap¢ Hansor Average composil
(1989 (z al 82 (2023) R )
(1991 062 wt% Si O
~ SanukitSanuki Sanuki Sanukit Lowi Hi gThi
Nam¢Sanuki _ _ _ _
suite seriesensu (at 60 Wt sanuki't sanukitao
Hi gh f Y 20 35
streng Zr 172 316
el emer
N b 10 17
(HFSE
_ Stron
Chondmartmeal _ Steepl
enrich _
REE patt ¢ fracti
LREE
Cea 65170
Rare E
Y Iy 31 6
el emer
Eu/ Eu* ~1 ~1 0.151
( REE)
1075,
(La/nYDb) 29. 2 31.5
mo st
( Gd/NET) 21 6
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A103/ [ Ca @ ++NKa) ) and | ess pot a®sdO) MHadtawmren hi
al ., 20184) 1Linear discri miManwgho®2®@a! ymaijordo
el ements in Archean granitoids determined tF
potassic granitoids (including sanukitoids)

sanukitoids from other potassic granites.

Na,O/K;0

(& Literature sanukitoids with < 62 wt% SiO,

o _,7 Sanukitoid field from Laurent et al. (2014a)

TTGs

O Biotite and two-mica granites

2 AICNK 2 FMSB

FiguaibLeCl assi fication diagram for | ate Archean gr
and -mwoa granites) proposed by Laurent et al. ( 2
(2012AHNCNK 2 * pma/l af CAGO ++Na 2 FMSB =+ 2MgO][ Fe O] Sr
+ PBa@&he geochemical compositions of rocks desct
l'itermltatrteed aneagkerenfrom my own compilation of
geochemical dat a. Foll owing Martifnorets ampd <2 0Wiot)
62 wt %t 8i @xclude samples with geochemical Comp ¢
di fferentiation.

Lowrey (20288)yladuced a systemati c, al beit mo r
procedure for granitoids fromlilt.heSanulgiatrmi Cs
included as part of(Chammadncagd aihewmbwaghoapk
primarily separated from other 1lgr amidt di; dss ele
Lowrey (2023%pr. the full classification proc
di stinguished from other mafix (dolagn.i Tesy byl ¢
indwuoed the new t elrimk eofr oficskasnou ktid odescri be r
many of cthhae akkeay ri stics of sanukitoids but h
concentrat Ldefns (Lfoiwgr.eyl.et al . based the | ocat
sanukitoids -Aandesaonuockbst ondtdren AdOfB.I98A S | ®maan olde
seen in fldfgurmasnyl.slampl es that have been des
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igudié Selected figures from Lowrey et al (202
he equations of the boundary |l ines are given
ompositions of rocks descri bed,mlsotitseadn wiknet gori eder
aken from my own compilation of publishgd sanu
wt8@parating mafic granites from other granitoi
ppwm3 Mg# separating mafic grfareirt €9 gfurrem 3adt Hearo ng
l ., ¢) Sr/Y vs Mg# separ dtiikneg rsoacrkusk iftrooind so tahned s
fter figure 53 from Lowrey et al .. Figur-es d),
i ke rocks: o(dwyt afigt#e rv sf iSgiud e 54 f r(prmpwdo & Wy et al
fter figure 56 f(opmwmboBiverydfateralf.i;gufr)e &Gri fr om |



published Il iterature f alilkei nrtooc ktsh e bfeii enlgd | cefs

compatible el ements than the original defini

Mul ti pl de .sgtauudrieenst ea &@Moy,en2028€20; Sthrawnd el t
observed that the term Asanukitoido has been
than those origiShalley @GaeagOBidnpa8d alb yn (1e95t8.93)l

To try to bddres® OeHMi mat roduced the Benms fAsa
stri(st®. )0 to refer Sobersmmn(@®BoasY i.deasf itnhiatti ofni

Afsanuksemsuwusbsato) o to refer to a wider grou

petrogenesis to sanukitoids s.s. but di ffer
Further work is needed to investigate the va
| abel | ed fAs atnhuek iftlouicdtouaat i ng and gradually brc
may obscunranitmpet ails of tdrea ifverdmd taetaen| Ao fc hma

Proterozoic granitoids and their potenti al

period.
25
. ©
high-Ti sanukitoids
2.0 - : '
g 1.5
2
C‘; “
= 1.0 -
: i
d RO
0.5 :
e
rat . low-Ti sanukitoids
0.0 . - ' - '
0 2 4 6 8 10 12

MgO (wWt%)
FigdudePl ot o(fwtT™3O MgwWwt,%)wi t h Mg O.T5 Oused -To divic

sanukitoi dBi fgamukitg:mmi ds after Martin et al. (20
of rocks described as fisa,puloitttaiddairneard regaebflriosnh endy
own compilation of published sanukitoid geochemi
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Further terminol ogyPal eloptriong@r ¢ poiAdc chanankito
associated rocks has beMony eand dé2td O&Ipp.e ntthief ileedx i

uni que type of | ate Archean granitoid in t

1

Cl osteyppeet graniteo after -thWweetgpenivoeal dit ypl
the key characteristics of sanukiftroa cdtsi,o rsautceh
chonaeanroirtneal i sed REE patterns and Ba and Sr e
type grfafnent efsram typicalSt e an ((1kt8t&a)iddks | (iimoe .ett

al010¢finitions) by being more potassic, | €
(e. g. Ti , Zr, 20dlx)oont BEEs aadd Pl ower Mg# and
concent(Mdantoine et al ., 20(0t9g b IMbayletn? 2t@ @9l )a I,. 2

encouraged grotpyiperg gClams eepest with sanukitoid
terms-Tinl awnukitoi do to descrSther nt (1e9t8 8ayld.i c a |
Ahi-Tgih sanukitoi do t-toy ple sgrrarbiet €Cd ,0 swespieMgOat pl o
di stinguish between2)t.heThtewon afriyep efamidthi goi da 11
most commonly useatumepubl desdhedihlkeegttamese nrcd al
in sanukitoids s.|. by ilghiureabulkitt ailds (Raode .
referred -Koc-ab&éadhigb granitoi dsNoyegh@m®)gr an
although this group i1is -Drogsdeukitthainds hand ylpi
some hybrid granitoids and -Tgir asna nt wki idtso iodfs chrau
identified on multiple craton($Si-$iivlacvlau detn ga It
2020)Li mpo(ploa Brednt 2@ Mma)dagasddarc hDiielld, et al
North ChinhWarCg agtoreaid ,Sa&2r0aAdt){ aer €Enatew and Sa
201.8)

While the exact geochemical parameters wused
the past four decades, some features are she
These geochemical characteristics provi de

ma g ma snefda r
1. High Mg# and high coocmpatriabl ensl ememast (
which show that sanukitoids need a signif

their (soMarctein et al ., 2009; .Shirey and H
2. Enri chment i n Ba and Sr, i ncluding in ot
sanukitoid suite, whi ch requires t hat t
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enriched in incompatible elements, |ikely

crust al (em&tha rieyl and Hanson, 1984; Stern ¢
3.Enrichment i n LREE and hi-gbt yalfirsaecd i ® &
patterns parallel to those of TTGs, whict
sanukitoi d&e.dmadtThGet al ., 2009; Smithies

1. 2Pe2.rogenesis of sanukitoid magr

The distinctive geochemical characteristics
crusnadler i al i nto the mantle, followed by int
from this crustal materi al (i . e. mel t, aqueo
form their parent al mag mas . Thi€hoodeltiic t
suproancdhr i t i c N d radi ogeni ENd{( 6 ) o poef cscampuoksiit te
indicate a j(avigeilemsoatcal ., 2013; Laurent
2013; Seixas et al., 2013; Smithies et al .,
The recyecdeerdi vcerdu sctcomponent i s most cdmmkenl vy
me | t generated by metabasite partial mel tin

similarity between sanukfiiigo ba.) Gardt iTA Ge tRE&EI p.a
Smithies and ChabBppeni mei®R&lp psteudiad sand2010,

geochemical(e mpal eOll ii ngi ra et al ., 2011; Seixa
al ., 2015; Smithiesprandi dCéeh afmpr tomer 290PPor t

der icvoemdiponent. However, various other source:
incompati b-eariedleené ntomponent , which may be
explaining the uni que geochemical features
recycl ed-dseeidviemdle ctomponent is oftenesdalgleat ed,
2005; Laurent et al ., o20khl;onRaszaeetar amee g b 2
componendcandol ara et al ., 2024; Sun . et al
Chemical charaaseretstat caé M@ h idaum Kt al ., 2 (

Wang et al HFSEO0O24a)t i os Suen. get laolw ,Zr20T2a0 ; X u
enrichment {en g0 eend alimd RiOQRHYX(er gbng et al
1998; Moreira et al ., ha2v0e2 3b;e eWa nugs eedt taol .a r g2udez
i nvol vement i n sanu&urt en tf2 Opldt)wlppesreasitsh.at a
total LREE c#bhREBtFxaltaonsCd + Pr + 3Ndgdowlsd ][ S
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be used to distinguish bet wenment asbaansuiktiet oii ndtse rf
and those for-snedi mhgntmainttd @er acti onELREEt hart| at
relatively (d.opvayrSent+ eBta]J]Al carRO&dadadite melt c
been implicated for sanukbteedbelftr aemtdWakie, GP

Superior (Breommpirmcd eétecalus,e 2thles)e I ntrusi ons &
in Sr, Ba, P, K and REE t han Hehiel inm@ 6altO)al .of
proposed that an al kaline melt generated fro
additionally involved in forming sanukitoi ds

why theiBaShi ghgKature is ndHt ikesotrepiat edviwdert

crustal component .

700 .

600 - . - .

n

o

S
1

2 LREE (ppm)
w
o
o

N

o

o
I

0 1000 2000 3000 4000 5000
Sr + Ba (ppm)
® Literature sanukitoids with £ 62 wt% SiO,
Sanukitoids formed by mantle-TTG interaction
O Sanukitoids formed by mantle-sediment interaction
FigufidPl ot of total LREEEEonckattraCeepmm3P(] SH Nd)
Ba(ppadter figure 13 from LaurehQp®ppased (20410)t
t o

graph can be used di stinguishTbétweear asaniuémnt
green field) and sanuksiedoiindesntf oirmteedr alcy | onan t( lbe «

geochemical compositions oflorbockpulbkbsahteabkeddni aner &
from my own compilation of publHoslhleodwisnagn uMairttoiind
(2009) , this dataset wa®b 2f iwlt t%etr6e d® xfcd ru dsa nspalnepsl ew
geochemical compositions significantly affected
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® Literature sanukitoids with < 62 wt% SiO,

Modern high-Mg andesites thought to form
by felsic melt-peridotite interaction

Modern arc magmas thought to form by

aqueous fluid-peridotite interaction
Fi gad éPl ot of Nb/Y vs La/Yb comparing saMawkitoid
andesites that are t hopgrhitd atoi tfeo rinm tbeyr afcetlisoinc (nhei
modern arc magmas that are t hpoeudghdtottidnef @ gniheeyn v C |

field). After figure 7a from Martin et al . (20
described as fAsanukitoiadd®eaken pubodbmsmgd olwint ecroantp
published sanukitoid geochemicatthidatdaat &9¢é¢t owasng

for samplOe62 witt%t ®i Cexclude sampl es wi t h geoche
significantly affected by differentiation.

Ther e I s some disagreement about ewhethed t
component wasWiar tmen tet al ., 20009; Rapp et a
2015; Smithies andr Champgarpu22000uid gener at
of met abasites dendghomads eadti meint s 2018;- Hal l a
Zhuchenko et al ., 2008ypBdretr nf eert alsi,| 1198t9¢
el evated La/Yhb, Nb/Y and Sr /Y of sanukitoid
magmawhi @he t hopwghrartid y -nmraendd red i fnlt weirdh(et gon ( f
Martin et al ., 20009; Smi tOmi e sh ea md h&ha nmpainadn ,

favour an aqueous fluid component because s
i mmobile HFSE al ongsi-d@bielne(iHcahhlBant s2 0i0rb ; f |Su ied
1989)These fluids migeti Chlob@bmahenbkeertCal . ,
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The natur e of the 4demcompatdi bdempehemeéntmay

crystallisation pathway followed by sanukito
H2O contents stabilisée.d8ugthiobal @ tGO-ERIL|N2@HI4t; e
al ., .2M22)er mi ning whether a mel't or fluid ¢

generating sanukitoid magmas has significar
parti al mel ting and dehydration of met abas
di ffeTeoondet gens8#WUdedbe et al ., 2019; Johnso
Martin, 1986)

Whil e i-dstiasblwieshHhed t hat sanukitoids formed b

crust al component and mantle peridotite, t he
t wet age process Vi a mant | e met asomdget.igsm i s
Koval enko et al., 2005; Shirey and Hamslon, 1

appears to have become the default petrogen
model , the mantle is firsermeetdscoampiosnedt by
t he mel to/nfpllueitde liys cconsumed during reactions
its composition and I ikely forming new mine
amphi falgeei | i mo et al ., 2010; Koval enko et ;
LobaZzhuchenko et Bhis mOtOBIomati sed mantl e
melts to generate sanukitoid parent@Rapmmgma.
et al ., 2a0d0gebThE)ni dea.lganordeentl,i N29012; Martin
Semprich etdeanomat201hBt age opeocess where a
derived melt assimilates mantle peridotite ¢
scenario, olivine is the main-dmirner@Ranepnsun
et al ., 20The k299)Xi fference betweentodohese
rock iriant itoh-2et aqqe procetsssodker anteild i s high ar

component dominates-stwhberpaecteansttohddeek med tti/d |

l ow and mdaanttiltee pe@miumat ¢s &falrity n et al . , 200
al ., . Moi@ecenSimyt hi eg20elt9, al0daBdsed t hat san
magmas can evolve from [ ampradpimymniat¢c echagmast
crystallisation. This model, which is based

variation-sdrmgeherobwess desc-al bad adbopeopbyr
form btyo | mowddkee prteee parti al mel ti ngeo@haiet aso
et al ., 2020; ARack, dO6OV&ymenodhgrcitMauesd n@o mpone
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Th

ntle interaction has geodéytrmgmi @eitmmwlgienattii a
guires an additional thermal trigglergto st
ilimo et &lurt h20m®)ycogndihtet olhs of this int.e
nstr@.ila&dti n et al., 2009; Semprich et al

e variables detailed above have the potent

among sanukitoids. A key topic of debate is

di

fferences-Thbetawdle mislpppnvuMa rt toii M(zZe 0&mtll aur ent

2012noposed-Ti hstanlu&kwt oi ds-st agme ¢pr vwica sTa ovine |
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ge

nuki toi ds feotmge ypwyracasstwas the | atter me:
ri chments in HFSE coondi REB.nsThodi s dale oamp ¢ e
tenamayoal so be an i mportant fLfautr@m.L2Geoch
ggested -Tihatarhukgiht oi ds for med at rel ati
mperatures (kK1@D)GmRath9mOthe amphi bol e and
el ds Whilsanu&awt oi ds fTorcnoenddiati omisgher 2R 5 (
@®) . Il n contra™angme@6RBHduppgobiylsi hsiagnhhuki t oi
rming at higlidr GPaesshaaessalnpukk3 t oi ds ( ~2 GP .
ntrol of pr O©Oscsanmtee mtn. nlelltterTniat i vel vy, di ffe
y be i Wapnpgve@O2p)yoposed that the mla@ntl e
nuki toids was metasomati sed s-01l ebwpnoblki tseid
guired a signdéercaerptd met abaoimpeonent . A d
mponent has been i mpl i caTltieds afnourki $ @ev er alnt
cluding the Bula(Lpbueoh, et itdnpeo pAang Badnlla) an d
anites, AfRxandlet Calamn d&rmPgdrdaln)i tes from the J
rth Chi n(@axXuCreatt oal . Ho welvledr), moaded i0A ) by

termined that the composition of t he met a
ntrol on sanukitoid geochemistrydeMi xedg
lts and magma from <crust al sources may a
ner at rTng Haingde .dggayananda et al ., 1995, Mo

Terentiev and.Sant osh, 2018)

A

ac

few studies suggest that there may be secu
ross the -danley APchteamdoyiemn (Brod@seroved t ha
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there may be a tempor al -Ti elsaatniuoknistho ipd s b eat md

sanukitoids in the Dhairw@ro<fepeongranitthe wa s
~2520 Ma, afdfer smaoski t @wd magmati sm in the
temporal pedaes omshi hol d iTa oorro sesx aaripll eg r atno ntsh

Craton emplacemdnt JboifrthegranigRazat et2230, Mg
precedes the -majsantuligi bdbi d omagm@t &madnet he
al ., 2018; Mond2a0l3andRaRaman and, Mamdal ,
contempor afTeowndlidiwsggmuki t oi ds have al so bee
crateengerentiev and Santosh, .M®&UWr7i;, (AMaM3P) et
found that Paleoproter &z ofrcamsainsaiko t©ri altso rf r gan
|l ower f(tLladawb)ypical Archean sanukitoids. Th
| ower degrees of interaction between the crt
t he Pal eoproterozoi c, whi ch maiyc al e coardu ka t
magmati sm towards mo-d @ d B -6l BAIRg o(l bhasead| t mag mat
Secul ar changes in the geochemistry of Arch
di o

dataset showsO/INGGTr € &si m@Bld) Fe T+/Q = Hree@lg O] )
during the | ate(Mohgean @+08 ©GALIWhol e, how

ritic sanukitoi ds(,Wahmgv ee talaslo. ,b e2eOn2 &4TehpYamrot ec

secul ar evolution of sanukitoid compositions
having been empl aced oweirl-yaena na ptpirnoex i fBgartied dy (
|l nvestigating the temporal evolution of sanu
into changing processes-earulryi nBr otheer olzatie Arr
particular, the compositions of crumdmtls)mat e
recycled i nto t he mant | e i kel y changed a
compositions potentially provide a record of
Foll owing their formation, sanukitoid parent

range xocfon3iets displayed Hey. étehiel isreon uekti taoli.d,
Stern and HansSamukid3d»i)ds follow a different
cadat kaline series (fig. 1. 5c20/ NG hawd ngo aFe |
enri chment during their evoluti on, but have
moder nalcladlci nNee. ga e@ldi veira et -Falut,0s2@n0d; CG:sr
2022; Martin BdMajar.and00B0pnce el ement model | i
wa s primarily dri-vand byl aaiomhilnzedleed fract
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crystal@.igadn emt et al ., 201 3; Sei xas . et al
Ot her mi neamé sy f ted dskhar anthapyhaxenebso crys

during differentiation, alongside accessory
all anitdi aonde .&@si xas et al ., 2013; Smithies
Hanson,. 198013 pr ocdediso-hprtaadouceendi t e cumul at e
someti mes found entrained as xenoliths in
(Smithales, e2ML %)er al ther mobarometry for sanu

Craton determined that 1t9bely acnrdy swearld | smap!| aact
relatively shall aw10B808t aMPa)levevis h(Rome i nt
recordi ngr eas shuirggh9 086 0M@Pa) cryst@de i Qlat veinr ata

2009; do Nascimento €hesé.stadi8s a@a0D2A4a)i ndi c
crystallisation | i kecyndctuonsed ULUndaddht gbn{
primitive samas kiatnodi df entasg c mag mas may have
di fferentiati on (eo.flgasuorneen ts aentu kailt.o,i d®2€B-1MBe z Sun e
Frutos andq20e¢a&3otnrdouct ed crystallisation e xpe
anal ogous t o Ar gahneda nb assaendueknipteaihggss@pg ssed t hat
compositional range of the sanwudknta@amidnatuiidre
primitive sanukitoidimagmasmubpt epyr é6owemed du
stages of differentiatienmailowevebe pheseceack
to the differentiation of natur al sanuki toi
contaiitnhew amounQ s( JofwtHb)20aurnl n&e Hnat ur al s a
magmas that cont:@({ dedOPbi beiwt & &t al . , 20009;
2023, ,20wHi)ch i kely inhibited crystallisat

amphi bol e and bi etriutteo sd varnidn gCaG-tmeozds exper i me

Recent studies have proposed a new petrogene
Smithie0t®hsaadrved that in the eastern Yilga
the sanukitoid differentiation trend inters:¢
characterised by very high S /YTaeg 8emooste
that these TTGs coul d Haovwve nfadreded rlayxctammlail b a
of sanukitoid mhgomas an@BD@Bplbapbged that S 0 me
pressufT@® in the North China Craton evolved

derived diorites with similar geochemical C
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fractional CeYyrista bl (B@PaBpggested that onl vy
which formed fr-ment agamatuissdéd umalnt |l e sources

evolve into TTGs because abundant a-mpbh bol e
magmas. This alternative petrreoogelnTe@si ci smosdiedn
because it i mplies that some TTGs were ul ti

rather than being generated directly by high

600 600

500 - - 500

- 400

L300 =
300

- 200

- 100

20 1 1 T 1 I 1 0
55 60 65 70 75 55 60 65 70 75
SiO; (wt%) SiO; (wt%)
O Black Flag Group sanukitoids High-Sr "high pressure" TTGs

Figat®Compari son between sanukitoids (iShe iBlighk
pressureo TTGs (light red field) from the Easter
figures 4 and 6 from Smit hies$, %) aS p ¥ MBYs) OYMg #a )
vs Sivwvx @®wnd dOppwhd S(iwx.%)Bl ack Flag Group geochemi
are from Smithies et al. (2022).

Il n summary, the dominant mod e | for sanukito
TTGi ke melt and mantl e -pteageotadsei ms taatge @ me
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(metasomati sm) process. Sanukitoid pa+tental
and pl agioondlnamaded fractional crystallisation
Mul tiple different geodynamic scenarios tha
propossdsanukitoid formation requires burial
most studies | ink sanukitoids, or at | east
source, to a subduction zone setting. The
magmati smaweaybeen caused by decreasing degr
mantl e cools, causing mantl e metasomat gsm/ as
Martin et al ., 200,9;0rMolyye nt ee @rnset 20f03deep
significant mantl e wedge oee®Rbhppngtt hd . do vl
Smithies and Cha®pmenstRddDey that -dfearviowerd a
component to TTG melts suggest that the appe
from metabasite melttiimg as sswehddumetnitonmedeot h
decreased in tl@eghatentAreheahter 2®&tlidlyely, th
mantl e source might have formed in an intrap
of subduction zones, such as del ami(e@m.ag.i on
B®dar d,or20dor6i)ppi ng of crust (entye bteHe emarmatll. e (
Smithies et lan .t h&9Del99cenarios the onset of
record devel opment of (a\sybmene tertioca |l crt u R2t0ajl8 haemii

of the | ithosphere and <creation of l ithosp
facilitated extraction of ga&muikihticisd .ema garha s
For t hset atgeo process a subsequent t her mal (N

met asomati sed mant|l e sour ce of sanukitoids.

subductoildmsi on setting. Sl ab breakoff | eads
mant |l e thhe omeghwl ¢ created gap I n t he sl ab,
met asomati s(eddgimmaht me et al-Zhuebaoko Lebaah . ,
Moreira et al ., 2020S| s’Wbabeeakof al may2badve b
on a hotter, youbhdect Eant wa@m@h@aesawatdbha et

2024; van Hunen and ,vaonr dheanv eBeorcgc,ur22®@8 )f ol |

subduction of buoyant continenfealalvi eboamide |
von Bl anckenbuwrlg@b Ir99)back can cause extens
which might have trileg.ghreend enmtanall.e, ned22;ngSun
Yu et al. ] n2@2kl Il isional setting, crust al
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del ami natitoon poondtl iagieonal t her mal rel axation

mel ted the sanukiet.ddiodd atheemtkloe esowrlce 2005; La

Whal en et ,alhe,nc20G/h)e appearance of sanukit
Archean may refl ect the stabilisation of g
continentalLauogpéeht sebnlah.an2i0dd4mapl ate settin
for melting metasomatised mantl el mhy manvel &
upwel(@.idaygyananda et al ., 2000; Koval enko et

or lithospheric @E@xB8emsihoesared lanl ftthie2 @ 1ad%t)t er

onset of sanukitoid magmati sm might be rel at
the planet cool ed, (aHdwknva snvwgo rrtif.tdtngalt.o, bZ2033 4
Overall, whstel ehpebrogédnetic model fer sant
establ(a.shhaerdt i n et, alet,ai2G0dD)f their formation
nature (i .e. melt vs aquedesi Yedi dpmpdneimte(
character of cmastale compoma@ncondiandonseoP 1
remai n debated ordpo€&€oihygequanstIrai nt her e ar
interpretations of the significance of sanu
beenetimk a variety of(e.ge®dagmami 20G@;ttiLagse
2014 a; Nebel et al ., 2018;. Smhehé earandl €h a
aspects of sanukitoid magmatism that requir
proposed |Iink to fhigh pnds&uoedo20TISandmithi
potential sefuBaurevetualion 2023t hWangiagt palo.
new insights inteathy ProterAozdieantransiti
techni querst pare exciting opportunity to provi
formati on a,nadndevtod uit mpmove our under standin
evolution and geodynami-eartdyr Pngtehezbatet An
1. Application of novel sta

l nvestigating sanukitoid

ANovel ot oadiihoonal 06 stable I sotope geochemis
research that uses variations in the stable
el ements to study natur al processes. Bhis gr
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spectrometry over the past few decades, whi
could be measured at high precisi-mat a&lrloinc |

Atraditional 6 i sotopes (H, C, N, O, S) to vi

i d@mpes have successfully beeandsttawger atruarce
geochemical processes, with different el emen
Il n magmatic systems, novel stable isotopes |
(e. gkl alver(2@2;4 pf\a.,l | i anf30 ®9,) anla.gma di fferenti a:

Hoare (202,@)Sayage (2e0t1)1al r ecy c I-s inrgf aocfe nmeaatrer i a l
the source regions ofWu getd20adsQ )Npdkssémre. gt B
(201)5,) redox procSossds a(n@.02dhRee, 5 k 0s 22 @2)0 | |

and maghmadrioct her mal i ntkaafc ma o m2sC Z 1le)dlge,n gMo ,

et @D24.) Therefore, novel stable isotopes n
sanukitoid formagamdnhahp ffwmotil ueéeri omur under st
granitoid magmati sm earrdsys Ptriod elratzeo i Ar cthreaanrs i

otope fractionation is the relative part.i
t ween two coexisting phases, creating var
chhubstancdasempkelrghure stabl e ofstoetnopeccfurasct
ui | ivbreimansde pend smt forpeecti onati on is driven
nd st@efBingeslsei sen and Mayer Heh94 7t esiidd otpe sl
ncentrate in strong, sti ff bonds where va
mberw(@ .s§dmaubl e, 2004; YolUmg magmailtyde@0odb)e
otope fractionation depend?s( Uareyt, cars@ewedtiur e

>0 O T o uw T
w € O O O < o um

asont he relative mass di fference between the

—+

emperatures and for heavier el ements. Howev
are also significantly affected by a differ
cald nucl ear fitehladt sahriifste effrfoenc tdsi f ferences ir
bet weel sofeopdisgel ei sen, 1996, sDcdlogu kel ef,r ax® (0 7
resulting from nuclear fj)jedndsherddce edadsecgeasnes
independent i sosbpeaet f haceemagmasiuean equil i br
masdependent i sot eafee. FHirgaeclteiiosneant,i oh996;. Fuj i
Ki negricccesses canmassidepecadeste isotope fracti
unidirectiofdfali sprdocesenedby differences in the
need to react or move, whi{eclBcihaulbd we rK2f0der4 )il ci
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i sotope fractionatiminol ogi cabd mmerannd dahoattse d

evaporation/groandeans@&s hehps create | arge 1isot
nesrurface materials, but it has also been ot
temperatur es deuewattok idnisf feutsiaoln., 2017)

Over the past few years, various novel stabl
to investigate the f or maPtail ceno parnodt eervoozl ouitci ognr aor
efforts mainly focussed on TTGs. The e&ilicon

been most extensively studied Andirm®g eliotal .wh

2019; Deng et al ., 2019 a; Mur phayndeti ndl vj da.
mi nefakes et al ., 2023; TMwer phreyavet Sal .i,s 02 ©pde)
Arcehre TTGs provide evidence of a séAwdt ®&resi |
al ., 2022, 2019, Lei et ,ahw g epR®23i;bIMur phiyf te
Il ighter Si i sosepe comPpakebopoaserozoic TTGs
Craton i s aigndfdalrrgpgnteeedcti on of the metabasite
wat,éZhou et .alT.i,t aad02a4m) and iron stable isoto
genesis by metabasite partial mel tAagordol| ¢tov
al ., 2020; HoaZ eZleangalet, ,&210a2,3t;R0wRgBH t he iro
compositions of some TTGs have been interpr

forming by fractionaldeci wvetda (Maigeatsti ot ofal ma
Liou et .alCal c2i0n2)i sotope fractionations in
geot her mal Amtdnelhlf2i0Bgtywlmo cal cul atedi gradi
75/ GPa similar to modern Ahotod subdu<ti on
zinc-ZhFei sot ope iDovuecsetti(Yeat2 0gonn dbyno evi dence
from the KaapvaaZn Cradtoopefdedbeuplei ng that i

processes in modern subduction zones.

Some novel stable Iisotope systems have been
grani toi eeg2.0aDdentified two distinct magnes:i

among Neoarchean potassic granites from the

formed by partial me | t iinigg noefo utswor ocikfsf earnedn tw
sedi ment s. Si I sot ®pesr acd o wEl edde mwintsii r @e £d t h
potassic granites in the KazapvaaledCr astiomcch
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rocks -d»xi sptrieng TTGE6EAmdr ® 3etl. &Gur r r0t212y), nove

i sotope data for sanukitoids are |l imited to
intermedi at e Wetrweeernd maorctklse and crust al gran
the involvement of Dboth cr usrt afloram@oimamtt | et c

al ., 2020, 2018.;LiLiet(e02 Wahls.e,r v2z@lB&phait sot ope
compositions of sanukitoids from the Kaapva
correlhatTe/wibt and Th/ Nb and therefore appear
c

omponent . Holwieve® Q0 2&4&ih@ddecet (2e0t2 0g | r2é@fld8r) t o
these rocks as fAsanukitoidso, their geochemi
the original geochemical d éf. igireii tl ii anros eda f aAr.c

Stern et aasl .t,hely9 89rjei crhor eh alFvee | ower Mg# and
REEs, and are not as (sLtaruonegnity eetnrailc.h e d2 0ilnd bB ¢
Typi cada-RAarlcehopr ot erozoi c sanukitoids theref«
novel stable i1isotopes, despite beingaral ydi st

Proterozoic terranes.

Novel stable isotopes have the potenti al t o

remaining questions and dRablaetoepsr ostuerrroozuonidci nsga

and the aim of this thesis is to do precisel
tosaw for this investigation is cruci al becau
to different processes, and our current | eve
systems behave varies between el ementusm 1| n t
(U) isotope compositions to provide insights
1. 3Tilt.tanium stable iIisotope system
Titanium is a transition met al that 1 s abunct
dependent Ti stable isotope vari at%iionrselaartei vee

to the Origins Laborat-dry, Tusangdfmihefiamdarod
(equati(ovhi 1.elt) and Dauphas, 2014)

YQ
&y YQ &y
“YQp 1 ~
1 p Ty —"Y"Q P& PP
o YQ 0}
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A particularly attractive quality of Ti is t
aqueous fluids, e (ee.nRuastt ihoingih estad a snel gt u@GR2I11y ,
i sotopes are regarded as being resistant to
t he Ti i sotope compositions of ancient, oft
expected to be robust. I't al so means that Ti
flydairdven p¢WMicllssteset adlt.h,ouzzyhl6)he Emprcetnd et u
al(2025, &2mwW@i2ang (2G2daiggest thami meomal fTiuiids o

fractionation might occur in hydhobhéenmal or
®m Calc-alkaline magma suites A
® Tholeiitic magma suites
Sub-alkaline magma suites A
2.0 1 A Alkaline magma suites A A
A
A
A
1.5 1
A
£ A
=
2 : ¢
w 1.0 A A
A A
o
A A o
A | L™
AA u '
0.5 - A o ©
. A A [ ] i -
A g il m =
ad % o ey Ca .
r S P L BSE = 0.053 + 0.005 %
Iy N Y\ AAJ.A:—.‘!':'---..J.O‘-!--—'-—----—-—--—-—---EO
0.0 T A ETe. 60 DMM = 0.001  0.015 %o
45 50 55 60 65 70 75
SiO; (Wt%)

Figuiéu*Ti@)vs S(ivt howi ng t he U%violduutriionng odfi f f er en
cadat kaline, h&heineiandsabké&hiceet aid®imgi s ns t @wn
as the 95% confTheebaoaé ki st éi calkte Eart hNO( BDE3®EB) ¢ o myg

(bl ack dashed line) is from Deng et al . (2023)
compositioMO.oOﬁlCSQ;.r@@lrectangle) is from Klaver e
are from Deng et al. (2019b), Greber et0223)., (202
Millet et al. (2016) and Zhao et al. (2024).

Ti i sotope behaviour in i-gmeeomust oocodn& sMiirke rgael

i sotope fractionat itd%dni iwvsartihab inaiitny ciaru stee rorfe s
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driven by differences in the coordi Aaotlidon o

coordi natFaong,ese.eg. al ., 1996; Faanrdg-le ®ia rainndg Br
mi neral s-f pedt bed46oorAdbi neetmwemjy functional t
calcul @Aamoss et al ., 202 1W. Waeigt zekte aglt. , al2C
measurements off Pexpseil ment al . , 2024;anRklzehak
naturally occurrimM@r enbenrer ath. Hlophas2nZ®;2 3 al . ,
201®Mandl |, 2019; Ni ea nedt naela.s,ur2e0ein)tise do fi nndii cvri o
crystidoare et halve, b2@22)used t omelotnsTir ai 8 0 tma
fractionation factors. MaifIna tducr isnug tdeisf fsehroewn
to fractional crystallisation pdr tmi elrar Isy e
Ti oxi dee3( Adrigns letl al ., 2020; Deng et al ., 2
et al., 2020; A20230IehnMbhl et at.al 4, 2016

2020)This process producliédsi coumpylateeas ar ¢t | a
2023)Di fferent magma series display varying

during differentiation due to them crystal

compositi-@ns om(fDleéhsgg et al ., 2019bas Hwalrle a4
di fferent prboepaorritnigo nssi loifdathe@smnnendladp) , 12023
The al kaline ma g ma series di spllfFAys duhiengg!

di fferentiation-al kwhii Ine tslkee i ecsal s hows t he
Further mor e amamgtmantd and o x)y gaefnf efcutg atchilet yt i(niiQ
oxide saturation and*%hiencne rtehaes eo ndsuertiHnogh rdei hfef e
et al .,, whGxh) may enabl e Ti i sotopes 200 be
conteenmnd2(fHDoar e, 2021)

Ti i sotope fractionation is also observed d
i sotopes are not significantly fractionated

(i . e. | her zol(iMid,l ehareztb paag.it,i @ 0 1lnBe)l t i ng of n
met asedi ments gener altt®is tmeén st lweith pi gthelri t h
of light Ti i so-Topesi das reesi guat(uHoialree) ean dal:
2023; Klaverz.dthaalg. et2.@2Th,i s2 2 gcseesds tios epxrpol pa
the Ti i sotope composi t(itmasr eo fe tbhZoa Zhh aAnr @& hé&a;n
al ., anmd23modern (&Kftavkeavas RécycliOorkd) of I SOt

mel ting residues generated by formation of t
mantle during the Archada@i noafy thhaev eu p poeme rneadn tt
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chondritic N®&. QGGDoefn g0 .e0t5Baol .i,t s2d0pye)s ehtie of 0.
N 0. O0@Klaaver et wlth 8280®mé) modern ocean i sl a
sampling a pniTmo ridoivaelr, nhairgthlee gr et eravoi,r 2023)

Overall, Ti stabl-endesrnsgtoped iaget mapiweldystem
tracing multiple magmat i c U%Triocteocs smest a blahsei tsee
mel ting but n o t-d rtiov eang uperooucse sfslewsi dmeans t hat

i sotopes in sanukitoids may be able to disti
melt and aqueous fluid compoheptesseansetthievier tp
magma di fferentiation and hence can be wused
betweesanukitoids and fbigh aneds&uoeo20IG&s St
2019)Finally, as Ti i sotope fractiona40i on du
cont ent 2o0afndmafgina s , measuring the Ti i sotope
Suistme ght provide further constraints on th

sanukitoid magmas.

1. 3Ur2anium i sotope systematics

Uranium is a radioactive actinide series met
no stable isotopes of iW,edi tis3dbhap effefa e4 .t 4608 | o
Gyr) ?®nd ¢ 0.7046ViGyra efithht, ca@l6p fraction.

radi ogenic processes in the same way as st al
variati o839 noft hgeeol ogi cal materials, which
relative to the @CRM1A&q sdtéenamrdce ragse nal .., 2017
Y
. v Y &
& Y o

23 has a much- sher toefr 2MaplCfthO60g year,aland 201
measurement of3UFHIIHAt i emuaitnon 1.3) can be u
whet he’fB-4hesystem has been disturbig3 £r 6n se
within the | ast 33 =l Mg Memans ubrei nhgel pf ul f or

whet her U isotopes in a sample have been di
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weat hering a@dfmddresan iotn al ., 2015; Charbon
et al .., 2023)

Y
¥ v Y v ¥
& 7 o
U and its isotopes are particularly sensitiyv
i n two oxi diaftlidoimdnoshti‘aibea sU dmobi ¢ & oW t he Earth
Because U is a very heavy el ement, its isot
effects. For i sotope Ssubstitutions invol vi

fractionation due to nuclear fielldi g¥timnt eff
Ub*e. Bigel ei sen, 1996, Whijdh ied taHe ,oR@PdDBi)t e
expected -deogpenndaesnst equi |l i brium. @8sgebpesémaan
Mayer, 1947; Yo.un@n etth allapyr, eEsadirittthg | ateeddb xU i s ot
fractionation has been observed ©doceiangraidges

(Andersen et al., 2024, 20U5redloordoananeét aa
in sed{emédmtder sen et al ., 201l4andWemebi leit s atl i.
from the sl ab i n Fywbdwdthi ceftf zagrh e & T210e1 9 i s ot
compositions of surface reservoirs (e.g. S e (

on the modern Earth ardasubdmangesedi n nt lie gaux)
the Earthdéds surface during its history, such
U cycdd.i@uney, axs0 )l I as U isotope fraktionat
i sot ope coarfpossdd{emastesnn et XKlWang2 021 ;aand 201:
altered odqeamdince y2 (e@lnreelp)v,ant ed t hrough ti me,
l ess U isotope fractionation occurring when
U mobility was | imited. The%xs® obsmavati ahs

recycled into the Earthdés mantl|l eAhdé&esgnchiar
al201pnoposed that such a change is captured
recendbcmad ridge basalts ( MORBYeahdwOTB/ UbobDa
indicating addition of recycled U tWwB308t heir

than the bul k Earhihg?3dd ea lttoe raeddd i dd eoanniocf cr ust

found atday emsteelatn r i dges, to their mantl e sou

4 6



seawater

Fe-Mn carbonate
GLLITIERN  Isediments euxinic sediments

suboxic
sediments

I I I I I I I I
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

878U (%o)

b)
riverine flux OlIB MORB arc lavas
~ -0.3%o -0.48%o0 to -0.20%0 ~ -0.27%o -0.48%o to -0.12%o

/ serpentinite-
derived fluids
~ -0.5%o

Figat®da) Modern U isotope compositions of the Ear
figure 1 from Cole et al 0§ 2i020)r.oml| Arederds eorc eatn
Bul k upper coiri tobhtnak stas?) is from Noordmann e
Dauphas (2015). b) Schematic diagram (not to sca
modi fied from figure 2c fr odft36nweelruwsessn arte aflr.ong 240
et al. (2015), Avanzinedtl ialet (@d0Q19)2-0é&a8n d adarf graire!
U’ is from Freymuth et al . (@2® 1v9a)l.u eOsc eaarne ifsrl canm dA
et al. (2015), Gaschnig et al. (2021a, 2021b) an
crust U®0€rl ues are from Andersen et al. (2015,
Averagecead ridge ma®als { MORBAndersen et al. (2
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have i die®dttoathe bul k Earth which suggests t

crust in their soub® amdnawaeaflriake¢eli pnéaveded
second maj or increase i nt hseurNeaocper ootxeyrgoeznoaitci oQx
Event 40. 56&&i ke et al., 2006; Scott et al
Hi ghbemperature fractionation of U i sotopes
poorly constrained than it is for Ti i sotop
t hought to occur during mantle partial me | t

el ememnd partitions al mos({Aerdéersehyet Mabtit h2
unal tered igne&cB8svalbeé&ks thlmat are close to thi
(0. 3006. 032;Bnder sen et and,t Rdalypnesremitnena al c¢r
estimated to havé 38 ntdo stth en ghuudsksamaretr d matn n~ et
al ., 2016; Tissot.Naond oDatwep aa 2,8 2dbded )wienedni c e s
magma di ffer &ndi MgiO)nh@aes. peen observed in te
(Gaschnig et al ., 2021a; Noordmann et al .,

01,2) i mplying t hat l' i mited U i sotope frac
i fferenti atTiisrmrs.ot KRedviervpepro,r t ed vid3¥8i awtiitohn RoEfE

ncentrations in angrite meteorites which
cumul ation. The U i soit@mpeor® mMmprod inmianoenmsa Irod h
rates and single zircon crystals have a
signifiw@ah(tHiye svsareitabadle., 2012; Liver mor
,28@81L9)yesstoimeg -ttehgapte r at umme | mi Wein slot ope fr a

0
C
ep
a

o 9 <

es occur on the Earth. U isotope wvariati:

O O 9 T un 2 O O N

0
ominated by the involvement of recy‘*®Bed cru
n

their formation. Arc | awd® duwe ptaoc taddil tair
oxidised, -deripead i mnli @icd6Awidehsémwet al ., 201
et al .qgr 20d®ycl ed Asadizmaert $§ it oett halior, mahld e
Ol B from St. HeHeaewea ildbhwwhSiacmho amay refl ect an
oceanic crust compo(nGanstc hinni gt heeti thd @& & i2e0e2s1ebt)
al012pund - th@8nhdt Ape granites from the VLac
i ndi sti nguiischtadoge compositions, despite them
U i sotopes may al-hsyodrtortahceer nmaal g manttiecr acti ons,
to have gene’Bati ed plegmatites fromShéedmrg Tetbeah
2025)Fi gidlr esulmmMar i ses thet mbderb teotope cycl
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Overall, the U isotope compositions of 1igne:
recycled crust al nid*8e i ina It sh ew(@ t Bsnodligr cdeésm c €t a
2015; Gaschnig é&s ahe, U202Dbppe compositions

particularly sensitive t@®. @hhemgets aln. ,r ed®dX1 ;g

et al,, Peegrd nterrestrial U cycling was si gl
(eg.Cuney, , 2W10)so0ot opsewi taerde twelilnvestigating w
record a change in the composition of <crusta
across the GOE. While U is more mobile than
processes, aUbdi hetncprpe thomposRPalionpr otferAo zhiea
are | esmenchuidthgal onld¥Wi dd || hel p monitor fo
recent U mobility

1. Zhesous!| ine

The | ateed&rktheBnoterozoic transition saw num
on the Earth, many of which might be relate

Sanukitoid magmatism is a distinctiwvhki ffteaitmur
continent al crust composition, but many aspe

nature (mel't vs fl uid) and source of ,the r e

whi ch has l ed to mul tiple di fferent interp
Furthermore, there are aspects of sanukitoi
petrogenetic |Iink to some TTGs and the pote
compositthhaansh,ave not been extensively invest:
use enlovstable i1 sotopes, specifically titani
insights into the formation and evolution of
to I mprove our understanding of sanukitoid

naturedyfhamieo changes that occueareldy dRirratnegr a 2

transition.

The chapters of this thesis each focus on in
magmati s m:
T I'n Chapter 3 | use Ti stable I sotopes to

component involved in sanukitoid formatioc
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fluid, as wel/l as to provide addi t2ODonal C
cont exotf/ fs@Gnuki toi d magmas. I achieve thi
compositions of sanukitoids from multipl e
the | ateedrrilcheBnoterozoic transition, an
Phaner oz oi-&r hgrgan iBtad sa nfdr ocnh a3 c catr e pr oposed
sanukitoid anal ogues. This i s accompani e
compositions of experi meeftfad c tmed ft sd it fof @ mes
conditions on the magnitude of Ti isotope
mel tilngfind that sanuki tidMids i rschroevasa ohu
di fferentiation due to removal of signi f
during fractional crystallisation,Tiwhi ch
oxi dElsei rn sdt ope systemati-ds oecded sabaul v
i mpl ywiamgki toi d parental magmasanweroexi @as s
moder n arc Pmagm@pgiei de sha)t usabhubkitoids
significanifTiy threarwi ehe mondhertn earamdbasalts
requires the involvement of a metabasite
metabasite -meubUkebye€¢l agdte partial mel tir
of the sanukitoid mantllei kseouprccec ¢lbmys ed ns u

Archean.

I n Chapter 4 | use Ti stable I sotopes to
high Ahigh pressuredom Gatkey dmm@mkith oineal ¢
of sanukitoids in the Neoarchean Easterr
Craton. | gcmeagsertimigstihe Ti 1 s eStropidhi ggdmp
pressureo TTG sampl es and comparing the
compositions of the Yilgarn Craton sanuk
evolved from, which are pregysmrt efdr Gisn wCh &
di fferent trace el ement compositions (i . €
ot her high pressure TTGs) from the regi
compositions of TTGs t hat ar e proposed
mechani s ms. Adeli pubhabhgd Bbeoashemical da
sanukitoids to identi f-S§r oftthiegh oxrcaus g wernece s
hence assess the potenti al gl obal signi f
Ahigh pressureo TTGs -eaacrrloys sPirtoht ¢emladartsieitdoamh

t hati*Theval ueSr offhihghghpressuredo TTGs pl ot
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Det

and

t he
pr o

san

Yilgarn sanukitoid di fffrearcen toinaattii com tm
viding strong support for their gener
ukitoid magmas. The Ti i sot ophbcetamdar tr a

TTGs are bestperxtpilali nmal tbiyng of hydrous m

f ol

| owed by fractional c¢rystallisation, d

TTGs in the Neoarche#&aBghhhgghnp€Ceasaneo

temporally and spatially associated with
i mplying that formation of TTGs by fracti
ma n tdleg i ved smaagirka & oivd s i kely a gl obal

emerged in the | ate Archean due to a geo
i ntearomctbet ween metabasite melts and mant|
I n Chapter 5 | use U isotopes to invest:i
recycled crustal component involved in s
the GOE as a result of changing surface
measuring the U insotoofpes acnounkpi otsoiitdiso wi t h

across the entearl|ly aProtAerchz@ainc transi ti
Phanerozoi-&r hgrgahniBtaes from Scotl and that

sanukitoid anal ogues. I suppl ethensotthees e
compositions of Archean TTGs to i mprove

composition of the main constit weémtw dafhaAl

U238
fra
pro
hen
to
ma g
Dat
cry
U i
ail
de

variations in TTGs and sanukitoids

ctional crystallisation. Archean sanu
cess di s@wWP&TIyh/dU sstyisntcetmat i cma g ma snoamred n
ce show no evidence for addition of 0>
the sanukitoid mantl e ssoaurucke .t oT i sp amr &
mas were |ikely oxidised via a differe
a for sanukitoid and gr amiattditde sfanmpxlite
stallisation are too |Iimited to confid
sotope compositions.

s of the analytical met hodol ogy used t

scriptions of the samples analysed in
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2. Anal ymechoddssaampd e s

This chapter first details the analytical m e
the rock samples that were analysed using tI

the foll owing chapters.

2. Anal ytical met hods

Mu kctoil | ect or i nduct i velsyp eccoturpol meebt O-By$ )a(shh@a tnh 8 S
principal anal ytical t ecthmadjiutei ohat meable

compositions and was used to measure titan
compositions for this thesis. Twi MMCGRStion f
wor ks, and then describes the specific met hc

rock samples and analyse thdiCiMSi.sotopi c comp

2. 10Mler vi mwl-bdl | ect or i nductively
pl asma mass speé€etCGhmSmet ry ( MC

MCGI CRMSi s a relatively recent development in
the first measurle@@®At segarotmed OW Wal der et
proven particularly usefrualdiftoiro nmeelacs uorre niiennotv eol
systeesgMi ITligt and DaCCpuh akar 0ok dl et EZalgl ,j s199
et al)as 2t0hle8 pl asma source can efficiently 1io
a ther matli oononmass spec(Abhaet ede (dahSBear d,

hi gher supply of ions from the plasmaCRI so m
MS t han fHorwelvleMS. there is | ow transmission
mass spectrometer, and this contributes to
(madependent I sotope fractionati on t hat 0

measurement) assloCGM%(tee.dg . wiAtlhb aMC de and Bear d,
et al .., Th®22%) asma gas, most commonly argon (
interferences that need to be corrected for.
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Th

MICC-MIS consists of isae wearngpll ek @yntpaeordtusct i on sy
urce, an interface and focussing |l enses, a
1 shows a schematliCSdibagramonf tddaeMOGlu Pl as|

hesTywpi ddlgluyi,d samples are analysed and ar e
i ng a nebuliser to form an aerosol. The ir
torch using an electromagnetic coil t o hee
os ol passes through the centre of the tor
asma cause the sample to split into indiyv
nised via collisions with electronsy- from
arged, positive I ons. The i oni sed sampl e
ectrometer interface whitbbh eamplsetscohet e
i mmer cone. The interface enables the mass
il e the sampédmsenmire pressur e, but a subst e
e lost during transfer across the interfa
| taapgpel i ed t oantdhearceonfeoscussed using a serie
am of poshatve@absens intdheh&uamalagmar | |

cussing, meaning its analyser consesteorof

iemimakes sure that only ions with specific

X tt hies magnethicclkeocses & magnetic field to
eir mass/ charge ratio. The separated bean
|l l ectors-l CB®EmendMCruments achieve this by
emselves to align withee&®&ohPiasmbhedain, uwlesr
stem to align the beams with fixed collect

a combination of Faraday detectors and el

e resolution of a mass spectrometer descr
aks in a masShepmassumesol GRS ohnotf r tame nMC

fined as the relative differenkei ggl) m@as s

ross t he, pwhaikt eesdogleei ng power i s determined
i ng measumg@d ThMe begsaonM@EGt C-BI6 o&n be altere
ssing the ion beam through a slit of c ha
rrower sl it soarnipiloens oaf stnhael Ibeeranp so t hat bece
er a narrower mass interval, giving sharpe

e cost of measuring at hi gher resolution
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clipped, resulting in | ower sensitivity. CIlI

the beamt he Nu Plasma |1 alpha slits are use
U i sotope measurements were pergMoa méwhoi)lpe | ow
Ti i sotope measurements were per fgMr daed 0i0® ) me

to help resolve polyato’Bit® anrn8eh (f Mirlelnete s arsd
Dauphas, 2014)

a)

focussing lenses alpha slit

source
| defining slit \ g|ectrostatic
| sector
C) low resolution (e.g. U) beam

medium resolution (e.g. Ti) ®

high resolution

magnetic

plasma torch sector

and inTerface

b) interface analyser
induction
torch coll
sample 14 ion
aerosol /—> beam
in \ out
T plasma
Ar Ar sampler  skimmer
cone cone

zoom
lenses

collectors

Faraday detectors
and electron
multipliers

Figel:a) Schematic di @GB%amaoédaomMCt he Nu Pl asma |

di agram of the plasma t-bCR& anyd Sohemdtice oif aaqr :
how the width of the entrance slit can be change
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Transmission of a Shabei s-hgm@dmgiht aat i ME par
through the instrument interface. This 1is th
mass bias, and results in heavier ions bein;q

masspectr metger Al bar de and Beard,. 2BDdgh Bz«

S
S

precision Il sotope-l @GR&hgsaosequsrieg ME&rrecti ol

instrument alTwmas® mbeashso.ds for doi ngsatmpilse ar ¢

bracketing and§tdaonudsdaretphd gi bracketing invol ves
S
n
0

mass bias for an unknown sample from the ma:

runs of a standard of kndown dowump @esistpiddm. mlern
knowmti ficial enrichments (fAspikeso) of two
to the sample in order to trace 1 nsitg uureeend al
in both Ti and U isotope analysisland is des

Hi gh precision isotbpg®Samabypsirequsreg PGCrif

desired el ement from a sample to remove inte
be spectral (ispelwanmriad) (@ad soomal l ed H2natri x
describes how sample purification is achieve
ot her interferences may stildl be necessary.

introduced by the pltbhaesama nggascompwamday Ar b
solufThemspfic corrections used for Ti and U
sectil8@8n 2.

2. 1.Thh.el . doubl e spike met hod

Doubl e spiking is a popular method for corre
spectrometry. This technique i nvoaltv ebeoausetas ur
i sotopes of an el ement, two of which have be

Aspi&feslOonown a&bandhe clshaempcloemposi ti on of the d

the sample: spike ratio are typically optimis
(Rudge et al ., 2009), although pracsotcapecon
i s affected by Il sobartkticndepéeprdéert enfcreasct bon

nucl eosynt hetic aamno mableineasalkye nmuisntt o account (
Coath, 2019). The use of triple spikes to co
but whether they provide smaller wuncertaint
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Gal er , 1999, Rudge et al., 2009). A big adva
if the sample and spi ke are mixed and equili

correct f earepemydemass ractionation that.occur s

This alleviates the needgarhmplruerqd a rctaitti atni.ve vyi
The theoretical basis of the double spike me
spi ke is known, it is possible to invert thi
bi@#®rrected isotope ratios. From theefour i
i sotope ratios that all/l share a cof@mdrhrdcenol

equations cdreghatwointst @n Equat Roasd2213and 2.

di scrimination or mass fractionation | aws. T
U isotopes it is assumed that instrument al r
mass fracti©aad.i oAnderwsen et al ., 2015; Mi |

Equation 2.1 expresses the 00 sadtnopteerrnest i of or

dependent fractionatijpohrom fhactbsBohapioncbami

referencetplianndtame fatur al |l ogarithm of the
the i sotopes.

0 ¢&70Q ¢P
Equation 2.2 dedepeémeéasnt hfer anatsiso-apt kenmokt tuh

due to instruméehtailfawanss tlsi @asi@i nall) sy opi
fractiongtion factor
0 aQ Cy
Equation 2.3 is the mixing)l awd shadi eygrsdpao k e
c ombdtne gi ve tshpei ksea mpil)xetiusr ea (par ameter that d
proportion of the double spike in the mixtur
0 Y p _0 C®
Equations 2.1, 2Z.0oZ2mbaimoktd?2 . 8 siamgbe equation (
OhhARMBAY Y p _EQ G Q T 8

Equation 2.4 can be written f dri neeaacrh siisnoutlotpaen
equations. %tThe Maaleu&gwbovth es t he meas-spiekesamj
mi xture composition, l eaivi, h@andnl Youlnlree s pink

deconvolution involves solving these three
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met hods to determine the values of the three
to calculate tdoterteceedmasotbpascomposition

The above method is used to correct Ti stabl
mass bias. Titanium ha%si*Fit¥e*Ts%Tdabl, eThiugtiogs op e
affectedi hbgemansdent nucl eosynt hetsiud teemdo mal iue
for double spikKfi datsov cliwmwisoppmasgent fractioc
meteorites, but these vari a¥i oagd&@amanemall et
are seen among terresfiiialui sampkbets,o malki o1
deonvolution. Taking int™iBlccbentanhtdeDauphats
used Monte Car “F/#F+MtiTiatd mpancse itho deter mi ne tl|
Ti double spike*Tbs &%id,: 1whmii Ixe¢ utrree odpt i mum s a
is 52:48.

Doubl e spike deconvolution for U isotopes pr
| RMBI636 cont aZi*thhiaamd 5300 s (uRsieccht er et Takre P26
virtuald yofo present in natural sampl es, me

239739 of thepd&mplme xture i $%9é%uiofalteret stpo kteh
undergoi-dgpmadent fracti CWsBt i A iwe tkime wME h e

doubl e spike composition, we can directly s
|l aw tfoldqgwati on 2.5), the fractionation fact
bi as, and ttohemalucsuel at e teortrrecd edmasotiipes r e

sample (equation 2.6).

Y
b,
5 Y o
— — 0 c
Y Y

The amount-3®@36 | RMMbl e spi ke added to each s
239239 ratio of ~30 283 amPscoermrcehnhtisatiinons i nt
bet ween ¢£3oxad3Paf | BMM6 al so contains?3mi nut e

239 af®® which need to be corrected for when ¢
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2. 1sSs@mpl e preparation and puri fic.

Befor4 CMS anal ysi s, whole rock samples must
and then purified to isolate the el ement of
usually achieved via ion exchange chromatogr

2.1 . Ri.tlanium purification

50670 mg of finely powdewedesidliigeastedr o mk as ar
ml concentsamtded HWINOconcentrated HF at 120AC
an additional 2 ml swafs cacdrmdceedn tbreaftoerde HNG s amp
down at 100AC. Each sampeEkle owarsc ethndakseamhddp HNK
i mmedi ately dried down at 120AC three ti mes,
4000 eof saturated boric acid solution was t6F

t heir f or matvieonTicafr orne mohe sample solution

fractionati on. The samples were refluxed o
contaiegi Mg Wwas taken from e alcho f5Taihipd ed osuobl | uet i
spi ke was added to each sample aliqgquot to ac
52:48 (Millet and Dauphake mDtdlureIhwesamgtl ke
taken upeldaonc3e0n0t r astaendl HMnedi ately dried dow
equilibrate the spike and sampl e.

Separation o f Ti from the sampl e matr i X W
chromatogramhy Eusihm@ m2 DGA resin cartridges,
met hod of Zhang et al. (2011) and Mill et and
to help regulate the flow of reagents throu
t hose pr eGheamptteedr i3n) were purified via two id
through the resin following the ppeckdumedir
an alternasiagesetctopdri f-X8BateennusiThg A&Ln g
thessaige to ensure removal of mol ybde-numh ( Mo)
sampl es, ahadgeaedl Mo i s an i sobaric i nterfe
spectrometry (Mill et and Dauphas, 2014; Zha

required f or tthhies stahnepsliess aisn/ tTdife yg ehraedreall[lloyw <M«

Foll owing purification, the samples were dri
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el
remove any

Tab2leProcedur e
t o

for

concent sarndc dilHN@D aH

organic

puri f yl CIMS faora MG i s

mat er i

a single

120AC f
al

pass
(Mi |l et

before

of
and

procedure is done twice to achieve
Step Reagent Vol ume

Cleani | MQ water 20

Cl eani | 3M HNO 10

Condi ti 12MNG 10

Sampl e | 12MNG 5
Matri x 12 VHN @ 20
Teluti 12M HMO1l wOM 10

Cl eani | 3M HNO 10

Cleani | MQ water 20
Tab22Revised procedure for a single
cartridges to-l g-M6i apallysier BICf fici
single pass of the sample through t
Step Reagent Vol ume

Wetting 20 % etha.nol 3

the resin f

Cleani | MQ water 20

Cl eani | 3M HNO 10

Condi ti 12MNG 10

Sampl e | 12MNG 5
Matri x 12 VHN @ 15
Teluti 12M HMO1l wOM 10

Cl eani | 3M HNO 10

Cleani | MQ water 20
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Fraction eluted

Fi

1.0

Sample | Matrix Elution Ti Elution
Loading | 12M HNO: 12M HNOs + 1wt% H202
12M HNOs |

Ca, V, Cr, Mn

0.0 - P
0 5 10 15 20 25 30 35
Volume (ml)
—— Na — Ca —_—V Mn Zr — Mo
— Mg — Sc — Cr —— Fe — Nb Hf
— Al — T

gee:&l uti on curve for geol e2gifcradm rae fZ2mlenkEiec

DGA resin cartridge.

an

er the duration of my PhD, it was observed
creasing. For a while this remained satisf
purification so doubl e spi ke ddeecpoennvdoelnutt i
actionation that occurred due to Ti |l oss d
decrease unt il al most no Ti wa s being
romat ography. Foll owing communication wit
sin cagrtirti dgpes suggested that 20% et hanol
fore the chromatography in order to i mprov
e Ti cation exchange chromatography with n
e resin iln f200r% aeptphraonxa mat el y 1 hour before
e recalibration shows that this method ac
ements (e.g. Ca, V, Cr, Mo) in a single pé

d with elmattiram dfn tltbermalt he2 Mt HE@g20) . mIThe
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procedure for this revised method is presen
sampl €saptmer 4. Tii9pwewes eobbt+8@8@b5ned for thes

2. 1. 2r.@2ni um puri ficati on

30205 mfgi mdly powder ed s,i |weciagthee d otcok cscanntpa ien
Uwerdei gested in a mixturesahdl2miml cooneaehtana
at 120AC for at | ea363260823% oduorusb.l eT hsep i IkKReMMva s
each sample before di°84%|l uat oo, ohi mBAg The a
dried down at 100AC, then taken wup in 5 ml
hours before being dried down again. elINext

concentr aaed HMQedieadt edloywnd rt wi c e .

Tabad3Procedure for a single pass of aRadnpdleumrhr C
to purify CBISfamaM@si s.

Vol um
Step Reagent
(ml)
Cleani 0. 1N HCI + 10
Cleani | MQ wat et 5
Condi ti 1. 5N sHNC 10
Sampl e | 1. 5N sHNC 10
Matrix 1. 5N 3HNC 20

U elutiO0O. 1N HCI + 10

Separation of U from the sampage mabdbni xxwha
chromat ogr apchoyn c eMhternatUi ons are high enough,

are | ow enough, this can be achieved via tw
UTEVA resiilmbmémliparticle si zseh)r ilnka dled l(eomg .<e@ll fu
Ti ssot and Dauphas, 201bhe Walyteer mat iave, WHIOE
for samples with high matrix vol umes, is to
resin | oaded-Rad a ol W mml, Binad then do a singl
resin for theAseemdnen se¢ a ROl 5procedures for t
and UTEVA resin chromatography stages ar e

respectively. Foll owing purification, t he seé
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mi xtureloftcoh@@ntgaantde & OHN®@xa 120AC for at | e

hours to remove any organic material, before

Tab24Procedure for a single pass of a ssaripfl e th
shrink Teflon col ulIm&®MS3 oa mpailryisfiys .U for MC

Step Reagent Vol ume
CleaninO. 1N HCI + 8
Cleanin MQ wat el 2
Conditio 3N HANO 5
Sampl e | « 3N HANO 5
Matrix e 3N HANO 15
Matrix el 3N HCI 9
UelutioO. 1N HCI + 10

2. 1l.3atopic anal yMS usi ng MC

Ti and U isotope compositions wer-£C®&aaured
the Cardiff Earth Laboratory for Trace EI en
Cardi ff Braimpd resi twe.r e i ntroduced to the mass
Aridus 11 desolvating nebuliser used with Ar

2. 1. Wi.tlamsitvanb Is®t ope anal ysi s

Sampl es were takein turpadér. RRPmIHN©Ooncentr ated H
2% HYNYOor analysis and -i GRMEoducednt enitlha3t M&n s
ppm. Measurements were performed in medium |

analysis consisted of one block of 50 measur

10 seconds. The cup configuration used is gi
‘¥i 4%id was monitored at mass 44. Ti i sot op ¢
notation relative to the OriO¢gTinyg (Ladhowatitomy?
¥ YQ v
| "Y"QpnﬁT Pa  C¥
y YQ o

6 2



To account for small polyatomic inteé®8lFerence
on*Ti ( Si comes from the mass specsamméeer
solution), al |l sampl e measurements were bra

spi kedi Odt andar d.

Tab2%Cup configuration used on the Nu Plasma 11
of Ti stable isotope compositions.

Col |l efH10 H9 H7 H4 L2
Mas| 49 48 47 46 44

D Geological Reference Materials
061 6-0%; _ . .
O ." : # <> This Thesis Published Values
*%e e YIS JB-2 JB-2
05 ¢ RGM-2 <> RGM-2
' RGM-2 M BCR-2 0 BCR-2
0.574 £0.021 %o (25d, n = 9)
0.4 1
£ 0.3
|_
S
o
0.2 A
0.1 1 BCR-2
-0.012 + 0.021 %o (2sd, n = 2)
00 5 - [ 7
|III|II ' ' I’DD D = D D
Fi g@BMeasui*'®d apf geological refler eRGMa nma2tBeCrRi al s
Filled symbols are mehsudemant snmadetbhverthesis
95% confidence intervals. The weighted mean valu
the shaded boxes show the 2sd of this weighted
in the | iter attuale. ,( Ang2ude;l olvean ¢ e b, a2 0.2 0,2 021082a3,; 2Q@r:
et al , 2021; He et al ., 2020, 202 2; Hoare et al
Kommescher et al ., 2020; Li et al ., 2022, Mand ]l
2016; Saj i et al ., 2023; Storck et al ., 2023; Wi
2020) and the errors are given as 2se.
Data reduction was performed offline wusing
Dauphas (2014) , via code written in Python

l i braries (Hoare, 2021). Fi9ristd®hidi webarcor €ac

6 3



for. Then outliers OWéeld e eremanedthei mgaa df t
calcul ated. dRaocwhlveo |l sipiiloem was done on the me
Newt on Raphson it eraatlioons,i mundtM€Momtse wer e use
internal error as a 95% conf i dbernaccek &iffretde r v a |
val ues were calcul ated.

E
|

Repeated measurements of geol-20,GeaBCR &f er en
made over the duration of this PhD are in gc
values (fAppe)ydi3¥xhé& tot al procedur al bl ank
negligible in cogpdiri pooncesskllefpolkleant kXtsamp
assess ¢tthreem ogregproducibility of the Ti i sot oy
individual measbuUTiememasdadfdtihad®© during this
figure 2data Thies#®Ta -wéGmM2 N 0.024& (2sd, n =
March 2022 » August 2024
0.10 A
OL-Ti
-0.002 £ 0.024 %o (2s8d, n = 76) | ®
0.05 A | || ‘ ‘T. |
oo I[| o1 |
—~ o | % (I |l @ '°| | ||o|
-8 | |.| |||.|||. ‘ |‘~. ‘|| | |.|.|"|
£ 000 ’| o |i'|’T|| & Il %% ll“ .| ||J$‘Jflﬂ'|'zjol.ﬂ$‘ll‘.‘fﬁ%‘]._
o |||\o|¢’ ‘||| ||- .||'|°|.f6|"|||¢.||'||||| |
v dh R I SRS R
~0.05 | T ‘ . H ?
: -
.
—0.10 1 ‘ @® Individual measurement
‘ Session weighted mean
Figeac€ompil at*Tgdmefasur emenTis mddeOlLover the dur a
PhD Errors on the individual measurements are t
on the session weighted means are-TREseeaTheewmenty
iD.002 N 0.024 & (2sd, n = 76), and telde nsehmaded

6 4



2. 1.Br.a&2ni

Sampl es wer e

concentr &t0i DO G

mo d e .-p éOank

sampl e

ze
each

i ntegration

um i

sotope analysis

t aksdmrumnian yZ% sHN® d

oppMeasur ements wer e
roes were measured for
anal ysis consisted of

ti me of 5 seseddbs

i @M% oatuced

perf or meo
60

one

sSsecon

bl oc |

Gheenupncoabl

238 was monitoreuips nf iH6t b rveilstis taorl 0 Thi s mea
accommodate a | arger ion beam than #tge ot he
resistors), which is neceansae $ OeSc% uosfe noaft utrhs
U) compared to the other i1 sotopes. Thori um
i sotope compositions are given in delta not
(equations 2.8 and 2.9). Every two sampl es
doubslpa ked CRM145 standard.
_Y
. & Y &y
T Y p Ty &Y Pr &
o Y o
Y
. v oY o} .
1Y p Ty y Py 1Y C&o
(o} Y O
Tab26Cup configuration used on the Nu Plasma 11
of U isotope compositions.
Coll e H6 H4 H3 H2 H1 Ax
Resisqg) 169 16* 16! 16* 16! 16°
Mas| 238 236 235 234 233 232
Data reduction was performed off] ne in a Mi
weg e zceorror ected by s-pbakazerogftbe dbhe sampl e
Next t he edactoar rected for tail effects. Col I i ¢
|l ow energy molecules thak.Aveded saenwettdPall owe
and39 are the main sour?é®sneddst hteo thad | 6 9 r rse
interferen®8 faom whel e all | ower masses ar

6 5



from baéi8h athfible t ai | s. Tail correction was don:
et al. (2012), which estimates the tail cont
decay functiwme Thendabarect €)d ffomrmahtyidorni ddeu
measurement . | sodbfardf® hHon 8r faenrde hferdoam? 39

need to be corrected fcdtgHawhtitOHatdei moing mii fbiu
in compar i?3o m htllo bteraems r especti velpr.odlet ir@an e
(UHUhas previouslytbebr méadsuins®dassumed to b
across all measurement s. Foll owi ng weha s, tr
calcul ated from t heveceo rurseecdt e dn W aad eucdsy EinNwe | M
to correct for mass bias. lasMidcdeadaer ichoeh@driirb ug e c
239 afh® from t-B636 RMMu bMeee stphiekre subtracted fr
bi#®rrected ratios. Outl iiérstwereandmothed me:
rati o was calculated from t-heatkiBi®ed&dl dat a.
values were calculated using weighted contri
of desupbilkeed CRM145 eosld’® ea w’ddiwetreest i mated from
external reproducibility (2se) of repeated n

from the same session(s) as the sample measu

Repeated measurieenf sgebl bgecal ref2erethte ma
1, -7 made over the duration of this PhD are
publ i shed va,l ulepsp e)nfdiidhe AB IS add -2BCaRdl GZ e al so
in good agreement with ,6 pAlplpiewshkeBERiWAoIfdaeddUs( f i g
hi gher than published vali‘“Fridsof(-T Hdas 2o0B8bYy, ba
reported t wi(dCeéhemrge witouwadl.y, 20 1a3n;d Hieenscse eits aplo
comsati neTWot al procedurrSalpwhli amk $ swaregl Ogi bl e i
to theg~U5@rocessed fTdre gaeplragendplme.asur ement
1 secondary standard a#t#erusadcptrodascddsd itthye o
measurements, and t hiEgde etf.aGm NiO.e0 Aaumd¥ach a me
of 2 N 1a6(26Hign 2.18).

6 6



Fi gwbea) Meas’di®edland b)) meddoapd geol ogical ref
materia2;s -BECRndl . CZ il l ed symbols are measurement :
of this thesis and the errors are 2se. The wei gl
gi ven, and the shaded boxesdsmewnt (2sRstOmdéMHU N
symbols are values published in the |iterature (
2024 ; Avanzinel |l et al ., 2018; Brenne2Ra2et al
BurNsaki | et al., 2018; Casalini, 2018; Cheng et
al ., 2010, Dahl et al ., 2014, 2017, Dang et al.
Gol dmann et al ., 2015; He etjata,etO2;, HRP@§6; el
al ., 2015; |l 1T zuka et al . | 2014 ; Keatl ey et al . |
2022; Lefebvre et al., 2019, 2021; Murphy et al.
2016, 2018, 20ulp9;asTixX28@liy;&etbaal ., 2018; Weyer et
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