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Do concentratiors of Mn, Euand Ce inapatite reliably record oxygen fugacity in magmas?
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Abstrad

Apatite is a common accessory mineral in igneous raokd itsability toreadilyaccommodate a
wide range of trace elements meansttit may provide a useful record of magmatic compasiti
and magmatic processeRelative abundances of redox sensitive elements in apatite calsiol

provide a muckeeded probe of magmatic oxygen fugacity;.fBere, examination of a large data

set of apatite and whole rock compositions is used to assess the recently proposed, and increasingly

used, Mnin-apatite oxybarometerCorrelation of apatitevhole rock Mn partition coefficients with
whole rock Sig) andcalculated melt polymerisation and aluminosity, support a model where apatite
Mn content islargelydependent on melt structure. In more evolved systems, a decrease in
availability of norbridging oxygens in silicate melts drives Mn from being incompatiblan
increasingly compatible element in apatitdagmatic fQ calculated from Ce concentrations in
zirconalsoshows no discernible correlation with apatite Mn content. Mn content of apafiéarly
doesnot record magmatic f@ althoughit maybe usefil inindicatingthe extent of melt evolution.

In contrast, oncentrations of other trace elements in apatite have a much weaker, or no discernible
dependence on melt structurand compositionsupportng the assertion thatapatiterecords key

aspects ofmagmatic composition.

Eu and Ce anomalies in chondsitermalised Rare Earth Element (REE) data provide an alternative

means of using apatite to probe magmaticf@ new method for more reliably comparing the
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extent of Eu and Ce anomalies in apatite R&& i used to assess controlsBu and Ce content
Apatite Eu contenshows a strong dependence on whole rock composition, indicating that Eu
anomalies often refledieldspar crystallisatin. Ce anomalies in apatite ameuchsmaler and vary
from weaklypositive to weakly negativéredicted #ong, negative Ce anomalies apatite data are
not observed, implyingmaller differences in Geand Cé&" compatibility in apatitethan inminerals
such as zirconfhe cause of small positive Ce anomaliempiatite data is uncleaComparison of
apatite and zircon data suggests that f@ayhave some control on apatite Ce content. However,
the narrow rangeof Ce anomalies in apatite data, and lack ofdentifiablecontrol of fQ, limit the
extent to which @atite Cerecordsmagmatic fQ. As such, REE contents of apaditsocannot

currently be used to reliable indicate trends in magmatig fO

1. Introduction.

Apatite is a widespread accessory mineral found in a range of igneous rocks, metamorphic rocks and
sediments.Although nominally G&PQ)s(F,OH,Clgpatites typicallycontain high concentrations of

an extensiveange of trace elements, including U, Th, Sr and Rare Earth Elemerds(Bekkisova

et al., 2002; Pan and Fleet, 2002} such, crystallisation of apatite is important in magmatic
evolution(Belousova et al., 2002nd the complex chemical fingerprint of detrital apatite may ast

a usefulprovenanceandicator in sedimentand sedimentary rocks (e.Bruand et al., 201;™Morton

YR I Ef S@&3 wunnrT 7 Folo@ifigaalotisbvd et §(2082andedrliérstudies H n
includingCao et al(2012), Chen et al(2016), Ding et al(2015 andXu et al(2015) there has been

a considerable recent interest in using apatchemistryto investigatemagmatic and hydrothermal

mineralisation processes in a wide range of economic deposits

In magmatic systems, apatite is an early crystallising mineral and reaches saturation during evolution
of a variety of silicate meltgHoskin et al., 2000)The composition of apatite is controlled by

elementalmineratmelt partitioning, which in turn varies depending on a number of factors,
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including the trace element content of the magma and its evolution during differentiation, the bulk
composition of the magma, which in turn controls melt structure, magma volatile content, apatite
major element chemistry, and external factoneludingpressure and temperature. For multalent
elements partitioning between apatite and melt also depeswh oxygen fugacity (f, and apatite
trace element chemistrgould providemuchneededinsight intomagmatic fQ. Belousova et al.
(2002)noted that Mn cantent of apatite was highly variabla part due to the effect of f@ They
argued that apatite likely incorporates Mifin preference to either M#t or Mn** becauseon the

basis of size and charge, it more readily substitutes fét. @a such, in moreeduced magmaan
increase in the relative proportion of Mhshould favoulgreaterMn incorporation in apatite
compared toapatite inmore oxidised magmas. Howev8elousova et al2002)suggested that a
general increase in Mn content during fractiormatiwould obscure any correlation between apatite
Mn and magmatic f@ Followingobservationdrom the zoned dffel pluton, southernScotland

(Miles et al., 2013Miles et al.(2014)proposed that Mn content of apatitean be used to

determine fQ in silicarichmagmas from which apatite crystallised, independent of bulk rock (i.e.
host magma) compositigandlargelyindependent ofother factors.Miles et al.(2014)used apatite
data from Criffel and from other studies where-fdas constrained to pq@ose a simple correlation
for apatite Mn contentandmagmatic fQ. AlthoughMarks et al(2016)highlightedthe additional
controls thattemperature, melt bulk composition antbexisting crystallising phasskould haveon
apatite chemistrythe evidence they presented onliynits the applicability ofa Mn in apatite
oxybarometer to intermediate to more silicic rocls contrast an experimenal study byStokes et

al. (2019)found no evidence for a control of §@n apatitemelt Mn partitioning in various systems
over a wide range of geologically relevant conditiddimkes et al(2019)instead demonstrated that
melt structure has a dominant control on Mn partitioning, and argued that all proposed variations in
Mn content of natural apatiteincludingthose across the zoned Criffel plutamuld be ascribed to
variations in the degree of melt polymerisatiorferred from changes in whole rock composition

They further demonstrated, based oAray absorption data, that variations in Mn valerine



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

analogue silicate systems were minimal over a range of terrestrially relevacom@itions, and that
Mn?* dominated as a species in both apatite and coexisting silicate thetirrect, thisliminates
anydriving forcefor a correlation between f@and apatite Mn contenin terrestrial systems
Despite this, an increasing number of studies have used the Miles et al. (Z0i4ationto
constrain magmatic f&n apatitebearing rocks, sometimes in combination, and in apparent
agreement, with other reasures of f@(e.g. Sun et al., 2020; Xie et al., 80Xie et al.2018b: Xie et

al., 2019).

The abilityof apatite to incorporate a wide range of trace elements through various substitution
mechanisms (e.d?an and Fleet, 2002neans that othemulti-valent elements might be useful in
determining fQ in magmas from which apatite crystallised. Of note here are thesR&Bnd Ce.
REEare readily incorporated into apatitendtypically present as 3+ cations. However, Eu can be
present as either Etior Ei”in silicate magmas, and Ce as eithet*©eCé*(e.g.Burnham et al.,
2015; Burnham and Berry, 201%he likely peferred substitution of both Etiand Cé&"into apatite
AYLX ASa { KinHualdC¢ gomténtsel HgheRor lower tha expected concentrations
relative to other REEs of fixed 3+ valenoay also be proxie®f magmatic fQ (Belousova et al.,
2002; Pan and Fleet, 2002; Sha and Chappell, 1B@@)erous studies have shown that reducing
conditions result in negative Eu amalies in apatit§Belousova et al., 2002; Cao et al., 2012; Chu et
al., 2009; Ding et al., 2015; Duan et al., 2019; Pan and Fleet, 2002; Sha and Chappell, 1999; J. Xie et
al., 2018; Zafar et al., 20LHowever, any direct oxybarometer based on Eu inigpat

complicated by crystallisation of feldspar, which favour& Bud strongly depletes both magma and
apatite in EuAbdullin et al., 2016; Belousova et al., 2002 and Weill, 1975; Sha and Chappell,
1999. In contrast, Ce anomalies in apattee assumed to be relatively independent of the effects of
crystallisation of other phases, with the exception of ziroomccessory REEh phasesAlthough
apatites variably show positive Ce anomalies, inferregpresentvarying degrees ahagmatic
oxidation, the extent of these are sm@Belousova et al., 2002; Chu et al., 2009; Ding et al., 2015;
Duan et al., 20101n notablecontrast to zircorwhich can exhibit significant positive Ce anomalies in
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REE datéTrail et al., 2012}there has been noobust experimental assessment of the extent to
which REE anomalig@s apatitecan be used to probe magmatici@espite this severalstudies
have used apatite REE trends, and the extent of Eu and Ce anqitmafiesvide qualitative

assessments of magaroxidation.

There is a lack @trongevidence for a Mn in apatite oxybarometer, fragither experimental

studies on element partitioning, detailed crystal chemical investigations of apatite, or wider reviews
of natural apatite dataDespite thisthe preliminaryMn in apatite oxybarometer dfliles et al.
(2014)isbecomingwidelyadopted as a method assessingnagmatic fQin apatitebearing rocks.

This perhaps highlights ttgressingneed for a range of geochemical tools to assess changes in
magmaticfO,, and the general importance of apatite in magmatic, especialikbeaging, systems

Here apatite geochemical analyses and whole rock data from an extensive ramgeeoit

geochemical investigatioreye collated in addition to data from published rnestudies andvider
geochemical studiesf apatite chemistryto assess the validity of thidiles et al. (2014)
oxybarometer.This dataset is then used teassess other proposezbntrolson apatite chemistry,

with emphasis on cation substitutionisicluding the use of Eu and Ce anomalies to assess the broad

extent of changes in magmatic£O

2. Methodology.

Apatite composition data from 26 studies was analysed including, where possibly, whole rock data
(Table 1 for details)As apatite is typically agarly crystallisingccessory phasevhole rock data can

be used to assess composition of magmas from which apatite crystallised. In addition, data from the
study of Transhimalayan apatites 6fu et al(2009) the extensive study of apatites from a broad
range of rock types bBelousova et a{2002) and the recent metastudy By Q { dzf f A@19y S
were used. For the latestudy, which identifesgeochemicafingerprintsof apatite provenance

60 h Q{ det d.,R@0)ghly data from igneous and selected metamorphic apatites were used.
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Major and trace elementata in the studies were obtaingarincipally using electron microprobe
analysis andhser ablatiormass spectrometryTo allow ready comparison, dkta were conveed

to element proportiongby weight). Where Mn concentrations were obtained using both methods,
laser ablation datavere preferred For all studies, only REE data obtained from laser ablation were
used. In addition to studies of naturshmples, apatite Mn composition, and Mn mineral/melt

partitioning from available experimental studies was also used (Table 1).

3. Controls on the Mn content of apatite

The oxybarometer dfliles et al.(2013)assumathat magmatic fQis the sole controbn the Mn
content of apatite at leastin more silicic systemdhis can be explained in terms of ionic radius
Mn?*has a very similar ionic radius to®Cfar which it likely substitutes in apatite. In contrast, #n

is substantiallsmaller, implying that M# substitution in apatite is minimal. In contrast, both Mn
and Mr* can be readily incorporated in silicate meitchange in f@and proportion of MA/Mn3*

is predicted, therefore, toesult in large changes in apatiteelt partitioning. However, experimental
data (Stokes et aJ.2019)and someobservations from studies of natural apatit@elousova et al.,
HANHT [/ Kdz SG Ff ®X wnndT al Niknonstaie thataphtie Mna mc T
content isalsodependert on melt composition, especially Si€ntent. Stokeq2018 andStokes et

al. (2019)arguedthat with increasing Si§€xontent, the structure of silicate melts progressively
changes, melt polymerisation increases, and the availability oftmimtying oxygens is markedly
reduced.Acommonlyused measure of melt polymerisation is the ratio NBO/T, or-biotging
oxygens/tetahedral sites, where NBO/T=0 represents a fully polymerised mightall O sites

shared between neighbouring T sites, and NBO/T=4, a fully depolymerised melt where O sites are
bound to only one T site. This ratio can be calculated based on measuredntlproportions
(Mysenet al., 1984, 19825tokeq2018 andStokes et al(2019)argued that as Mn is not a network

former in silicate melts, a reduction in NBOs results in a marked reduction in Mn so|ulslity

hQfd
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YStGQa FoAf Ale nyealedcygTORdfdcHoiihalesMnapsititienfgStokes et al.
(2019)derived an empiricaldoublelogarithmicrelationship betweerNBO/T and Mn apatitenelt
partition coefficientO based on their experimental results glimited data from natural
apatite. Using this relationshifgtokes et al(2019)were able to explain variations in apatite Mn

content across the zoned Criffell pluton used\iyes et al.(2014)to derive their oxybarometer.

The validity of the assertion & melt structure controls apatite Mn content can be tested using the

wider dataset.Figure 1 showthe apatitewhole rock partition coefficient for Mn,
(0] , for all samples where whole rock data is available as a proxy for melt

composition, andO from available experimental studies. Thiackline on Figure 1 is the
calibration of Stokes et al. (2019). As expected, there is comdibiescatter in the datset Use of
whole rock data is Bmiting factor here. Apatite crystallisation in most systems is Hiwned,

implying that melt composition evolves during apatite crystallisation. Apatite crystallisation also
occurs at different pints in magmatic evolution in different systems. These, and related factors,
mean that NBO/T can only be used to very crudely constrain the extent to which melt structure
governs Mn partitioningWhole rock data in itseis also an approximation of metiomposition
Despite thisO clearlyincreases by at least an order of magnitude as NBO/T
approaches zeroThisimpliesan increase impatite Mn content with progressive magmatic
differentiation, or with increasng melt SiQ. Experimental data of Stokes et al. (2019) &ahni et

al. (2001) igienerallyconsistent with data from natural samples. In contrast, Mn partition
coefficients fromVander Auwera et a(1998)are at least an order of magnitude lower. Given that
these are very low melt fraction experiments widhly accessory apatite, this data is not considered

further.

Experimentally determined partition coefficients are typically from systems with less polymerised
melts. 0 from Stoles et al. (2019) are slightly higher than those frmmmst natural

apatite, although the general trend of increasi@g with increasing melt
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polymerisation in the Stokes et al. (2019) data mirrors the overall datasetpposed double
logarithmic algorithm of Stokes et al. (2019) overestinsdde in highly polymerised
systemslIn terms of Mn element proportion (by weight), this algorithm isesgressed on figure 1

as:

[ K¢ pRIPD 6 FY B  wBov [1]

The trend of tke Stokeset al. (2019xorrelation at very low NBO/T is largely constraibgdhe data

of Sha and Chapp€ll999) From Figure 1 it is apparent that this dataséo lies towardghe upper

end of O valuesfor natural samplesA simple exponential relationship based on

data of Stokes et al. (2019) of the form:

[ K¢ R pg@° [2]

(Figure 1¢provides a better fit to the dataseflternatively, and in addition to this, the Stokes et al.

(2019) correlation may bgystematicallyffset to higherfO /lower NBO/T

Thereare a number of complicating issues with using whole rock datietermine NBO/T and
assessnelt polymerisation One particular issue is Fe valence. The methddysenet al. (1984,
1982)involves assigning a proportion of*F® T sites. Due to a lack data on current oxidation

state in whole rocks (i.e. P& Fe), and oxidation state during apatite crystallisation, all Fe in whole
rock datais assumedhereto be Fé&*. This likely leads to an overestimation in the extent of melt
polymerisationas Fé"isnot tetrahedrally coordinated in melt structureln contrast, Stokest al.
(2019) usd X-ray absorption data to determine F¢ Fe ratios in quenched melts, and more

8



200 accurately constrain NBO/This mayartly explain offset between experimental andtural apatite
201 data, as the effect of recalculating NBO/T for the Stoéeal. (2019) data would be to shift tie

202 data to higher NBO/TThe role of water as a network modifies alsonot considered hergwhich

203 complicates comparison betweeatata. Varying water contents in natural systems will result in
204  variations in NBO/T not captudén calculatios here Higher oncentratiors of fluids in later stages
205 of magmatic evolutioralsomean a disproportionate error in NBO/T calculations in more evolved

206 systems

207  Stokes et al. (2019) noted a weaker correlation betw€&en and Aluminium

208 Saturation IndexASI AS]the molecular ratio ADs/(CaO+NgD+KQO),is a measure ahagma

209 aluminousity andalsorelated to magmatic emution. As noted by Sha and Chappell (1999),7A4S0
210 defines the transition from peraluminous (>tb)metaluminous (<1), and a change in behaviour of

211 many major and trace elements in silicate mefisom Figure 24 is clear that
212 O increasewith increasing ASas previously noted by Sha and Chappell (1999 dnd

213 etal. (2009) Similarly, Figure 2b demonstrates a clear correlation betvi@en and whole

214 rock Si@ Bothcorrelationssupporta modelwhere melt structureand availability of NBObBasa

215 strongcontrol on Mn partitioning between apatite and meéispecially in more evolved systems

216  Melt evolution during fractionation results in marked decreases in the proportion of NBOs, and the

217  ability of melts to incorporate Mn. This progressive change drives Mn from being an incompatible

218 element O <1)in less evolvedystemdo a variably compatible element in evolved
219 systems As suchincreased Mn incorporation iapatite simply reflectdess favourably incorporatn

220 of the elementin more polymerisednelts.

221 The correlation oMiles et al.(2014)is based on Mn content of apatite, rather than partitioning
222  between apatite and melt. Figure 3 shows how apatite Mn content vavidtsASINBO/T and
223  whole rock Si@ As suggested by Sha and Chappell (1999) thergasexaltransition in apatite Mn

224 content from metaluminous to peraluminous systems. This is mirrored in whole rock and NBO/T
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data, although trends are leslefined than forO . Thislikely indicaesthe effectof other
phaseson apatite Mn contentScatter in data again highlights limitations in using whole rock data,
andthe influence of other controls, including pressure, temperature, melt volatile content and
possibly fQ, as well as apatite chemistrgnd of course, bulk compositioNotably, the correlation

of Miles et al. (2014) is based on silreeh systems, over whicmelt composition/structureloes

have an observable control on apatite Mn content.

Apatite is an important host of Mn in magmatic rocks. However, the control of melt structure and
composition on Mn partitioning implies that the correlation of Miles ef{2014) cannot be used to

simply estimate magmatic 0Analysis of a broad dataseatoes, however, suppothe use apatite
chemistry as a sensitive probe to the origin of detrital apatite (@.@{ dzf € A @ yas&i | f &3
indicator mineral in ore exptation and probe to conditions of ore formation (eBglousova et al.,

2002 and as an indicator of magmatic conditions (€hu et al., 2009 Magmatic apatite with high

Mn contents typically reflects crystallisation from more evolved méltssuch, agtite Mn content

couldbe used to assess the onset and duration of crystallisation in an evolving system, with
progressive or punctuated periods of apatgsowth recorded in distinct increases in apatite Mn

content.

Pan and Fleg002)noted thatX ion omposition of apatitei.e. concentration of Cl, &#dH.O, can
affectsubstitutionmechanisms for variousationsin apatite Notably some elements such as REEs
show changes in preferential incorporation onto the two nonequivalent Ca sites in chloroapatite
compared to fluorapatite and hydroxyapatitelowever, o clear trends in apatite F/Cl content and
either apatite Mn content oiO were identifiedhere. Lack of data on apatite water

contents meant that an effect ofJ@ content on Mn patrtitioning couldot be assessed

4. Assessing the dependence of apatite Mn content on magmatig fO
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Stokes et al. (2019%iled to observesvidence for a substantial change in Mn valence, and the
proportion of Mr**to Mn**in silicate melt and apatite over a broad range of éOnditions This
valence change is required soipport any dependence of apatite Mn content on magmatic o
contrag, Stokes et al. (201@)id observe consistent changes in the proportions &f &ad Fé*with
fO.. Ths issurprising ast suggess minimal changes in Mn valence in natural (terrestrial) systems.
Changes in Mn valence in analogue magmatic systews, howeverbeen observedBromiley et

al. (2015) for exampledeterminedsite proportions of Mii* and Mr#*in synthetic hercynite, a Fe
Mn bearing spinel, and coexisting silicate m&heyinferred that differences in Mn valence would
be sufficientto drive changes iivin partitioningas a function of magmatic fOHowever Stokes et

al. (2018)noted that although synthetic and natural spinels contain variablé*Min®** and even
Mn**, relationships between Mn valence and other factors were complithietheinfluenceof site
chemistry on Mn incorporatiorand possibly valencé@hey further demonstrated that consistent
changes in Mn valence with {@ere only noted irFerich spinels. It is possible thtitesechanges
are driven by coupled changesHe valence, combined with the effects of crystal site constraints
(Stokes, 2018)This might be the case generally, implying that consistent changes in Mn valence are

only expectedn certainFerich phases, and provide limited insight into magmatig fO

It remains possibléhat somescatter in Figures 1 andi@due to an effect of f@on Mn partitioning.
Forsomestudiesindependent estimates of magmaticf@re provided In figure 4A, apatite Mn
content as a function of log(fpis shown. The Miles et.42014) calibration is shown on this figure,
along with data on which it was derived. Also shaw/a subset of data from Stokes et al. (2019) for
low bulk Mn contentswherefO, wasexperimentally constrained-or other data, f@is determined
from Ce amomalies in zircon, following the method ®fail et al (2012, 2011)Cé"isconsiderably
more compatible in zircon than €eand thus the extent gbositiveCe anomalies inormalised REE
zircondata, i.e.relativeenrichment of Ce compared to REHixéd 3+ valence, provides a means of
determining magmatic fgat the point of zircon crystallisation (Trail et al. 2011). Apatite is typically
an earlier crystallising phase than zirq@uan et al., 201950fO, recorded by both phases may not

11



275  Dbe stricty comparable Miles et al. (2014) anfZzhongdie et al., 201®Q)rther observe thaterrorsin

276 calculating Ce anomalies in zircon REE dsitagconventionalmethods result irsignificant

277 uncertainties. Despite this, it is clear from Figure 4A that no nmegni correlation between f@and

278 apatite Mn content can be observed beyond data presented by Miles et al. (2014). This point is
279 further emphasised in Figures 4B and 4C, which consider the extent of Eu anomalies in zircon, and
280 inferred zircon CE/Ce*, based on zircon and whole rock (i.e. coexisting melt) data. Under reducing
281 conditions, the proportion of EAlito E#*in magmatic systemisicreases. Elis highly incompatible
282 in zirconmeaning that reducing conditiongsult in a marked negatiiBuanomal compared to

283 calculated Eu content based ehondritenormalisedconcentrations 63+ REEoncentrationgTrail

284 etal, 2012). However, in this instance, relative Eu depletion in zircorlsaie inherited from the

285 magma, as Eis readily incorporated into feldspars. Eu anomalies ttsarefore, only be used

286  undercertainconditionsto estimatemagmatic fQ. Despite this, it is clear from Figure 4B that there
287 is no relationship between the extent of zircon Eu anomalies andtegdti content either within

288 the dataset orimportantly,within data from individual studie<C&*/Ce**in Figure 4C is estimated

289 based on zircon and melt compositi¢frail et al., 2012, 201,1and is a measure of Ce partitioning
290 driven by valence changgecorrectedfor the effect ofmelt composition/structure. Figure 4C again
291 shows scatter in Mn apatite data which cannot be ascribed to any effect of magmatisf@uch,

292 although data available here is limited, thereaigainno evidence to support thexybarometer of

293 Miles et al. (2013).

294

295 5. Controls on thepartitioning of trace elements into apatite.

296 Analysis of data from a large number of studies supports a model whetditheontent of apatites
297 controlled by the effect ofmelt structure on Mn partitioning, such that apatite only contains
298 appreciable Mnwhen itcannot be readily incorporated in highly polymerised, peraluminous silicate

299 melts.Additional variations in Mn partitioning are expected as a function of pressemepérature

12



300 and, possiblyfactors such as magmatic volatile contefhismodelcan be testedo a certain extent
301 by considering controls of melt structure/composition on partitioningother trace elements. A

302 summary ofvarioustrendsis shown in Figure5and 6

303 The marked shift of Mn from incompatible to compatible in apatite is not noted for other trace
304 elements partly because of the ease with which apatite does incorporate a range of commonly
305 WAYyO2 YL} (A orheRBESS éxaMPIS, aré a gbp of $hcompatibl€klements which

306 provide insight intdhe effects ofionic radiuson mineratmelt partitioning REEare incorporated

307 onto the two nonequivalent Ca sites in apatite, ti9efold coordinated Casite, and7-fold

308 coordinated Casite (seePan and Fleet, 200%r a discussion of substitution mechanisoBEE

309 contentsin apatite reflect magmatic sourcéBelousova et al., 2002Jthough there are some

310 exceptions REE patterns in apatite che affected by carystallisation of phases such ziscon Kie
311 etal., 2019andNd depletion may be due to preferential incorporation in phases suchamzite
312 (Chu etal., 2009; Sha and Chappell, 1988)and Eu anomalies, driven by é@anges, are

313 consideedbelow. Apatites typically exhibit enrichemt in LREE over HREE, resulting in-iigtiined
314 REE trends (e.8elousova et al., 2002; Cao et al., 2012; Chu et al.,)2B8busova et a(2002)

315 suggested that Ce/Yb ratisa fingerprint of the magmatic source of apatite, due to consistent
316 trendsin the slopes of REE data from ultramafic to mafic/intermediate to highly fractionated granite.
317 Occasionally, apatites exhibit flat trends over the fRBE regio(Cao et al., 2012 hu et al(2009)
318 suggested thathis relative HREE enrichment in apatftom peraluminous rocks might be due to an
319 absence of other HREECOrporatingphasesThis workcontinues to be extended to develase of

320 apatite as powerfulmagmatic probe (Bruand et al., 2020).

321 Figure7 shows a selection of chondrit@ormalised RE pattens from apatite chosen tchighlight
322 variability acrosshe datasetApatite REE datare typicallyvariablyright-inclined, with relative
323 enrichment of LREE. Some apatites havédftdtends, and some have slight enrichment in FREE.

324  Thelatter isconsistent withexperimentallydata; midREEMREE)from Sm to Gd, show slightly
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elevated partition coefficients compared to liglaind heavyREEHREE)Prowatke and Klemme,

2006; Watsonand Geen, 1981)

(6] arerelatively uniform from LREE to HRESEa function of whole rock
composition as demonstrated for La, Sm and Lu in Fig@+€3onsistencies in valuder

(0] within studies suggsts thatscatter isdue to external effects such as
temperature, pressure, presence of volatilasdother aspects of apatite chemistryhere is a
general trendin O of MREE>HREE>LREE, consistent with data froenierental

studies(Prowatke and Klemme, 2006;aféonand Geen, 1981) It is possiblehowever that there is

a slight decrease i® with increasing melt polymerisation and Si€dntent

Concentrations of REEapatite follow the general trend La>Sm>Eigure 5EF). here is no clear

change in relative concentrations of LREE, MREE and HREE which would explain a systematic change
in slope inchondrite-normalised REE plotgith magmatic fractionationThere is, pssibly, a slight

decrease iroverallapatite REE concentrations with magmatic evolutian in polymerised/silica

rich systems, and absolute concentration of REEs in apatite generally decreases with increasing ASI,

in contrast to the observations of Cletial. (2009)This is counterintuitive, as increases in melt

polymerisation should increas® . However, the fact that all REE are compatible in
apatite lessens the effect of systematic changes in melt compositidrsucture.lt isalso likely

that apatite content in more evolved systems is partly controlled by REE incorporation in other
phases, and depletion in REE in magmas from which apatite crystalksaschd apatités a useful
magmatic probe, angrovidesinsight into magmatic composition independent of the effects of
magmatic evolution, asuggestedy Hoskin et al(2000) Thisbehaviour is in marked contrasi

Mn. However REE are generally compatible in natural apatites in a range of sysidnstMn is
incompatible except in more evolved systerdystematic changes in melt structure have, therefore,

much less control oREBpartitioning.
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349 Eu and Ce contents of apatite can differ from those of other REE due to changes in valence. Across
350 the datasetthere is only a slight decrease in apatite Ce and Eu content with increasing whole rock
351 SiQand ASI, mirroring trends in other REEs. Patrtition coefficients for both are broadly comparable,

352 independent of any change in melt composition/structure (Figh#eB) For some studiethere are

353 differences ifO andO of up to several orders of magnitude,
354  consistent with controby an external factor such as f@oth REE aregaingeneilly compatible

355 in apatite.

356  With increasing fractionation, Y content of apatite increases and Sr content decreases (Figure 6C,D),
357 as previously note@elousova et al., 2002; Chu et al., 200®)portantly, hese changes are

358 independent of any control of git chemistry on eithei©O or'O

359 Both Y and Sr are compatible in apatite. Changes in apatted Sr contentherefore, represent

360 progressive enrichment of the generally incompatil, and depletion of Sr, during magmatic

361 fractionation.This is consistent with the suggestionB#lousova et a(2002)that low Sr in apatites

362 from more evolved rockis due to plagioclase crystallisatioDnce gain, trendsn Sr and Ymply

363 that apaite provides a useful probe of magmatic composition.

364  Figure 6E,F shows how the concentration of Zr in apatité@nd vary with extent of

365 polymerisation. Zr is, like Mn, an incompatible element in apatite in less evelstdms. However,

366 in contrast to Mn, progressive fractionation does not result in an increase in the partitioning of Zr
367 into apatite, and the element remains incompatible in highly evolyetaluminous, silicaich

368 melts. This is likely due to the abjliof other accessory minerals to incorporatesirch asircon. In

369 fact, examination of all trace elements commonly measured in apatite reveals that the behaviour of
370 Mn as a function of melt composition/structuiiedistinct Firstly, Mn is a relativelp¢ompatible

371 element in apatite, as opposed to many other typicdfigompatible€klements. Secondly, a marked
372 change in melt structure in more evolved systems drives partitioning of Mn into apatite, as the

373 elementis not readily incorporated in other phessat the point of apatite crystallisatioBome

15



374  phases, such as magnetite, biotite and amphibole, can incorporate appreciable Mn (Miles et al.,
375  2014), although partitioning of Mn into these phaseajpparentlynot sufficient to fully
376 accommodateareduction in the ability of evolved melts to accommodate Mn at the point of apatite

377  crystallisation.

378

379 6.Eu and Ce anomalies in apatite as a probe of magmatic fO

380 6.1 Defining Eu and Ce anomalies in apatite, and crystal chemical controls

381 Itis commonly sugested that changes in valence of Eu andgi@mildresult in changes in

382 0O , andanomaliesin chondritenormalisel concentrations of Eu and Qe apatite
383 compared. The extent of relative depletion or enrichment cambantified bycalculating

384  concentrations for Eu and Ce based on normalised concentrations of neighbouring.®EEs
385 expected concentrations of Ce and Eu if both were 100% trivaléietre are several methods for
386  doing this For exampleEu anomalie$Eu/ Ew*), or ratio of normalised Eu ctent to a calculated
387 Eu contenbased on trivalent REEcan becalculated based on tharithmeticmean of chondrite

388 normalised Sm and Gmbncentrationd Ew*) (Sha and Chappell, 1999)

389

390 — — 3]

391

392 or based on a geometric mean of normalised Sm and Nd concentrdiats et al., 2016)

393

394 — —— [4]

395
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Likewise, Ce anomalies can be calculated compared to concentrations of adjaceatisedREES

(Cao ¢al., 2012)

[5]

or again based on geometric averages of similar radius REEs. There remains some lack of clarity
within the literature regarding which methods are most suitable for determining anomalies in
apatite data.Apatites typically show variable, negative Eu anomalies, due to an effect ohfO
apatite-melt partitioning, andor inherited from magmaslue to preferential incorporation of Bl

into feldspar(Belousova et al., 2002; Cao et al., 2012; &tfal., 2009; Ding et al., 2015; Li et al.,
2016; Pan and Fleet, 2002; Sha and Chappell,)1@20in the Ca[9] siteand the Cg[7] sitein

apatite hasionic radi of 1.18 A, and 106 A, respectivelyShannon, 1976 * hasradii of 1.12 A

and 1.01 An 9fold and Zfold coordination, respectively. In contragi?*is considerably larger,

with ionic radii of 1.3 and 1.20 ATherefore, on the basis sfzeEw* should be compatible in

apatiteand Ed@* substitutionrather limited.Under reducingconditions, an increasia the proportion

of E4* over Ed4* will lower 'O compared toother REE, resulting in a pronounced
negative Eu anomaly. In contrast, oxidising conditjevizere all Eu is trivalemiyould produceno
apatite Eu anomalyThis is a reasonable geochemical argument as &EElearly compatible in
apatiteandmelt composition has a minor influence on partitionittpwever, Eu anomalies in
apatite can also reflect depletion &u relative to other REEs inhedtfom magmatic sourcesor

example due tdeldspar crystallisatio(Drakeand W.ill, 1975)

Ce partitioning should showapntrastingeffect with a change from reducing to oxidising conditions.
Undertypical magmaticonditions C& dominates,and Ceshould behae similarly toother REEs.

Under more oxidising conditions €é&s increasingly stabilised. €&as an ionic radius very close to
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that of C&*(1.196Aand 107 A in9- and 7-fold coordination), and should readily substitute into the
apatite gructure. Cé*is substantially smaller (0.97 A if@d coordinationjandnot favoured in9-

or 7-fold coordination.As such, oxidising conditioshouldresult in negative Ce anomalies in
normalisedapatite REE dat&dowever, although @otential control of f{Q on Ce valence and
partitioning behaviour has been noted in studies of apatite chemistry, explanation of Ce anomalies
based on partitioning behaviour is less straightforward. Ce anomalies in normalised apatite REE are
typically much smalleftan Eu anomalies, and range from slightly negative to slightly positive (e.g.
Cao et al., 2012; Mao et al., 2016pntradictory egative Ce anomalies coupled with negative Eu
anomalies have beeexplained bypreferential Ce incorporation in other phasasich as monazite

and allanite(Pucheltand Enmermann 1976) However, despite recent observed negative
correlations of Eu and Ce anomalies in apati@iaf et al., 2019; Zafar et al., 20,l@¥yemains

unclear whether Ce anomalies in apatite are of usarasdicator of magmatic #OThis is in marked
contrast to zircon, which preferentially incorporates*Céeading to marked positive Ce anomalies in

zircon under more oxidising conditiofBallard et al., 2002)

6.2. A new procedure for determining BEanomaliesn apatite.

Examples aofrends in normalised apatite REE data are shown in Figure 7. Consistent with previous
observations, there areariabk, sometimedarge,negative Eu anomalie€e anomalieare subtleto
absent andrange from slightly negative to slightly positiwehere presentQuantificationof Eu and

Ce anomalies using simple calculations based on normalisedatataighbouring REEs.g.

equations [3] to [5]is unreliable due to variations in normalised REE treRds Eu anomalies, the

best procedure for calculating Byiepends on the extent of righiinclined REE slope and relative
enrichmentof MREE. Thimayexplain why different procedures are used in the literature. For Ce,
the subtleness of any anomaly alsecessitates a more robust approach to modelling*CE&hoice

of method for calculating normalised Ce content has a significant effect and can produce spurious
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445  results.Zhong et al(2019)proposed amore robustprocedure for determining Ce anomalies in

446  normalisedzirconREE dathased on fitting MREE to HREE data to a logarithmic function. However,
447  this procedurdsunsuitablefor fitting apatite REE datdnsteadanomaliesare calculatedhere based
448 on an alternative method of fittingll normalisedREB+ data,shown in figure 8. Chondrite

449 normalised REE concentratigrexcluding Ce and Earefitted to a polynomiafunctionof the

450 general form:

451

452 1 1°"CO0 & w8 0O8& ESB 08 [6]
453

454  where X is ionic radiusShannon, 1976 6order polynomials sufficient to consistently fit all

455 apatite data here and minimise residuals about 0, althoughniost dataa 4" order polynomials

456  sufficient. Ey* and Ce* arethen calculated based on the fitted functipfor EL?* and Cé*ionic

457  radii. In accordance with previous methods, the extent of anomalies can then be calculated based on
458 the ratios of measurednd calculated normalised Eu and Ce contents, i.¢HEw* and Ce/Cev*.

459  This methodbf calculating By and Ce* is less arltfary than other procedures, and able to take

460 account of vaations in overall REE trends, whistkey when comparing diverse datasets. The

461 method is also less susceptible to errors arising from individ&hnalysesand proved to be more

462 reliable at alculating anomalies for all data.

463  Figure 9 compareSe and Eu anomalies calculated with the polynomial metdratiusing equations
464  [3] and[4] for Eu and [5]for Ce For the whole dataset, there is good overall consistency between
465 estimated extent of Canomalieausing the different approaches (Figur&)9although as expected,
466 considerable scatter about,1 (no anomaly)A polynomial approachesults ina greater proportion
467  of apatiteswith small positive, as opposed to negative, Ce anomalies. lethods show that

468 apatites can have small positie@d negativeanomaliesandthat a small proportion of apatites can
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have much larger anomalieBxamination of individual datasets demonstrates improvements in
guantifying small Ce anomalies using the polyial fitting method. For example, apatite data from
Sun et al. (2020) show flattening in normalisdeERconcentrations over the MR&ittl a clear,
positive Ce anomaly, as identified with the polynomial fitting method. Determination ¢C&¢
using an athmetic mean produces an incorrect negative anomaly. Similarly, determinations of
Ce/Cey* for apatite data from Xie et al. (2018b3ing an arithmetic meaaften imply a negatie Ce
anomaly for data in which small positive Ce anomasycorrectly idetified using the polynomial
method. Given the limited extent of Ce anomalies in normalised apatite REE data, a polynomial
approach is preferred for comparing different datasets. However, no fitting method is ideal, and
work here clearly demonstrates the puartance of ground truthing any method for determining the

extent of Ce anomalies.

Eu anomalies in apatite are typically larggenerally negativeand more variable. There is good
general consistency between methods for determining Eu anomalies (FIBy@e although
considerable scatter. Examination of individual apatite data agemonstrateghat contrasts in the
extent of Eu anomalies determined using different methods typically arise from inaccuracies in
estimating En* in samples with nodinear REE trendsTraditional methods result in erroneous
calculation of the extent of Eu anomalies for a subset of the data which is detrimental to
identification of trends in the broad datasefhis is especially true for calculations ofHusing a
geometricmean based on Sm and Nd concentrations, whereliv@ar variations in normalised REE

concentrations can result in significant errors in calculated Eu concentrations.

6.3. Comparison of Ce and Eu anomalies in apatite and zircon.

A number ofstudiesprovide data on coexisting zirco@orrelations between relative zircon Ce
content and magmatic f£have been more robustly demonstrated, and are supported by

experimental datgTrail et al., 2012)Therefore, comparison withirconCe data allows invegjation
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of the extent to which magmatic f@ffects the extent of Ce anomalies in apati@mparison is

made here betweemeported Ce*/Ce** ratios in zircongalculated fronzircon and whole rock data

Ballard et al(2002) and0 'Q . Eu/Ew* data for zircon is compared 10 0

Figure 10A demonstrates that € e*iconandCa/Cey* in apatite are inverselgorrelated This is
expected based on contrast compatibility of C&*in zircon and apatiteHigh C&7Ce**,ircon (>400)
are consistent withCaJ/Cev* apaite Of 0.98 to 1.02 There is aveaklinear correlation in datat high
Ce"'/Ce*irconWhichmayimply that small apatite Ce anomaliase notonly due toscatter about

zero. HigheCeé¥anom, >0.2, correlate with sampleshich have low C&Ce**ircon, <200. There is
obviousscatter in the data, and magmatic f@corded bythe two phasesnaynot, strictly, be
comparable as apatite is typically an earlier crystallising phase. Both phases might also record
progressivehanges in f@) and both phasedo not directlycoexistin all samplesHorizontal trends

in Figure 10A, for example in Xie et al. (2018b) data, probably mask progressive changes in Ce
anomalies as a function of or some other controlDespitethis, the observed correlation

between the datasets is notablé similar although weakergorrelation is observed when
comparing zircon data t€e anomalies calculated from apatite REE data normalised to whole rock
REE composition$his implies that systematiahanges in the extent of Ce anonealin apatite are
not simply inherited from the magmiut reflect a change in partitioning behaviotttowever,

greater scatter limits wsof apatite/whole rock ratios.

In contrast, Figure 10B demonstrates that there igliszernible relationship between Eu anomalies
in apatite and zircon. Btincorporation in zircon is unfavourab{&rail et al., 2012)Therdore,

under reducing conditionan increase in the proportion of EYEu** should result ilargenegative

Eu anonalies in both zircon and apatite normalized REE data. Atfjairg arelimitations inthis,
althoughthe clear lack of any correlation, especially considering the relative magnitude of Eu
anomalies, suggests that other factors control Eu concentrationgdon and apatite. Most likel

this again emphasises the influenceedsparcrystallisationThis is demonstrated in plots of
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519 EW/EW* (apatite)andCeJ/Cev* (apatite)as a function of whole rock Si@igure 11). There is a

520 broad trend in apatite data where increasingly negative Eu anomalies are noted with increasing
521 whole rock Sig) above a value of Si®65%. Similar trends are noted if other measures of magmatic
522 fractionation are used, such as A&inoted byChu et al(2009) This is consistent with enhanced

523 feldspar crystallisatioand ELf* depletion h more evolvednagmaticsystems. In contrasGeJ/Cev*

524  in apatiteshows no dependence on whole rock Sdon other measures of magmatic evolutio

525 Importantly, this suggests that melt structure also has little discernible influen€aeoompatitility

526 apatite.

527

528 6.4. Dependence of the extent of Ce and Eu anomalies in apatite on magmatic fO

529 Eu and Ce anomalies in apatite should be coupled, kighly reducing conditions resulting in large,
530 negative Eu anomalies which progressively decrease with increasimgni®more oxidising

531 conditions resulting in negative Ce anomalies. Valence changes in both Eu and Ce will depend on the
532 system in quesbn, and there is a lack of daiato how EG/Eu** and Cé/Ce** vary in apatite as a
533 function of fQ. Figure 12 gives approximate ranges of valence changeagmatic systems

534 illustratingthat Eu valence changes occur undasre reducing conditions, anthat Ce valence

535 changesccurunder oxidising conditions atypical for terrestrial magnidsgative Eu anomalies for
536 apatite are expected for more reduced magmhst EL#* will dominate in most conditions in

537 terrestrial magmasso the presence of notable Bnomalies in most apatite data implies that a
538 small proportion of Eti exists to higher fg) and/or that incorporation of Eiiin feldsparis able to
539 drive Eu depletion in magmas over a wide range of magmatidi¥arer positive Eu anomalies in
540 apatite must reflect magmatic sources rather than any control of apatite on Eu partitionirtgisCe
541 predictedto be stabilisednly underveryoxidising conditions. -¥ay absorption data demonstrate
542 thatverysmall proportions of C&in various silicate meltsanbe stabilisedabove the QFM buffer

543 (Burnham and Berry, 2014; Smythe and Brenan, 2018 presence of large Ce anomalies in zircon
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demonstrates thasmallchanges iproportions of C&/Ce** havea significant effecon zircon REE
compositions due to lage differences in the compatibilities each speciemto zircon As an
extension of this argumenCe anomalies in apatit@ight alsobe expectedovera similarrange of
fO2 to zircon. This would redudée range of magmatic #®ver whichneither Eu andnor Ce
anomalies in apatit@are predicted based 0 observations of redox coupl@s magmashown in
Figure 12However, the extent of fdriven changes in apatite Ce contemsl depend on
differences in compatibility of Geand Cé". As noted byBallard et al. (2002) there is a65order of
magnitude difference in Geand Cé&" partitioning in zirconThe extent of differenceim Ce
partitioning in apatite can be estimated usiegperimental partitioninglata fromProwatke and
Klemme (2006)Capsile design used by Prowatke and Klemme (2006) constrained iag fO
approximately FMEL log units, comsponding tca Cé/Ce** ratio of approximately 0.004, according
to melt speciation data of Smythe and Brenan (2025)such, apatitenelt Ce partitioncoefficients
from the Prowatke and Klemme (2006) data set are consistent wighfBemet of approximately
10. Their partitioning data for 4+ elemenis turn, suggests that B4 #Paiemelt is Jikely to range from
0.01 to 0.1. As suchlthoughthere is a largalifference in C& and Cé&' compatibilityin apatite, this
difference is muclsmaller than in zirconCorrespondinglyCe anomalies in apatitere probably
smaller and much harder to deteatspecially given the low proportions of‘Cia terrestrial

systems

Comparisorof calculated Ce and Eu anomaliesoasrthe entire dataselemonstrates that simple

site and ionic radius arguments fail to explain trends in normalised REE data for apatite (Figure 13).
Aside from a few exceptions rigely metamorphosed Archaen samples, apatites display negative Eu
anomalies, likely due to a combination of the effects of magmati@f@d crystallisation of feldspar.

This implies that at least a proportion ofEis stable in magmas ovelagerangeof fO,. The

extent of Ce anomalies is significantly ldaggelyranging from0.8to 1.2, as opposed to 0 td.2for

Eu. Despite predictions of negative Ce anomalies, a significant majority of apatites display weak,
positive anomalies. Scatter in data alb@ero cannot be used to simply explain this as an artefact in
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570 the data Even if all Ce anomalies frd@®2to 1.08are discounted there is a clear dominance of

571 small, positive Ce anomaliesnd absence or larger negative Ce anomalies in oxidised systems.

572 Large, positive Ce anomalies in samples with no Eu anomaly in Figure 13 are from carbonatite

573 hosted apatites, for which Ce anomalies are generally assumed to reflect enrichment in host magma
574 (Mao et al., 2016)Iin general, contrary to expectations, apattsimultaneously display negative Eu

575 anomalies and small positive Ce anomalies. In part this may reflect a strong control of magmatic
576 composition on normalised Eu concentrations in apatitewever, predicted negative Ce anomalies

577 in normalised apatite REdata are, generally, not observed.

578 Contrasting Eu and @G@momalies irapatite have beerdocumentedpreviously Pucheltand

579 Bmmermann(1976)observed coupled Eu and Ce depletion in apatite, which they assigned to an
580 effect of fQ, and the occurrence d@@erich phases such as monazite and allanitee presence of

581 such phases should also result in overall depletion in REE in apatite, coupled to Ce anomalies.
582 However,Ca/Cey* appears to be independent of overall REE concentrations in apatite, suggesting
583 that any effect due to crystallisation of @€ieh phases is of limited importanc8imilarly, no

584 correlation between CgCey*and either whole rock or apatite Zreobserved, as might be

585 expected if apatite Ce trends were assigned to crystallisation afrzand preferential Cé

586 depletion from magmadt is more likely that negative Ce anomalies reflect relatively oxidised

587 magmatic systems, and thabntradictoryEu anomalies are simply due to preferential incorporation

588 of Eu in plagioclase.

589 ltis feasiblghat positiveCe anomalies in apatiteflect Ceenrichment in host magmago test this,
590 the same polynomial fitting method can be used to quantify the extent of Ce and Eu anomalies in
591 whole rock data. Comparison of apatite and whole rockCa* and Ew/Eun* is shown in figure 14
592 for a subset of data for which corresponding whole rock data is availabighe limited dataset,

593 whole rock C@Cey* scatter about 1, with some displaying small positive and negative anomalies.

594  This contrastsvith apatite data, and there is no clear dependence of apatite/Ce* on whole rock
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composition. Apatite and whole rock #Buv*, by contrast, show a reasonable correlation. Both
typically show negative Eu anomalies, consistent with a control of feldspar fractiormatio
magmatic composition, although Eu depletion in apatite is typically lavyjbole rock data only

gives an approximate measure of magma composition at the poiapafite crystallisation.

However given thatCe*ismore compatible in apatite than Geit should be readily apparent from
whole rock data if small positiv@eanomalies in patite are inherited from magma. A clear, positive
Ce anomaly in whole rock data would be required to account for small anomalies in apatite data,

and this is not obswed.

Fom limited data available (Figure 10A) it appears that positive Ce anomalies in apatite are only
noted in rocks which record low zircon4@€€*, and that high zircon C#Ce**results in negligible

Ce anomalies in apatit&Examination of the daiset fails to identify any correlation of apatite Ce
content with other aspects of apatite or whole rock chemistrye cause of small positive Ce
anomalies in apatite remains unexplained. What is clear, however, is that apatite Ce ccentent

currentlybe used to assesaagmatic fQ.

7. Mn, Ce and Eu in apatite as an indicator of magmatig¢ fO

The ability of apatite to incorporate a range of trace elements means that it is, potentiakgfal
indicator of magmatic process. However, there is a clear dependence of apaiteartitioning of

Mn on melt structureand theproposed oxybarometer of Miles et al. (2014) is unreliable.
Experimental studies, and analysis of compositional dadenfa large number acdfample suitegfail

to demonstrate any systematic chargja apatite Mn content, or in apatitenelt partitioning, which
support anoxybarometer.This is consistent with-ray absorption data from Stokes et al. (2019) and
with experimental data on forsteritesilicate melt Mn partitionindWatson 1977yhich implythat

Mn does not significantly change valence in terrestrial magmatic systems.
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Systematic changes in Eu and Ce valence in terrestrial systems suggest an alternative nmsags of u
apatite chemistry to determine magmatic fNatural apatites typically demonstrate significant,
negative Eu anomalies in normalisR&E data. However, this correlation is overprinted by a strong
control of bulk rock composition, such that the exterittu anomalies increases in more silich
systems. This most likely arises due to ready substitution tfifta feldspar, implying that apatite

Eu anomalies can also be inherited from the magma from which they crystallise. A similar effect is
noted for Eu incorporation in zircofTrail et al., 2012)If the effects of feldspar crystallisation can be
discounted, for example in systems where apatiteri®arlycrystallising phase, Eu anomalies

provide a means of estimating relative changes in dwerer, given that other factors such as
temperature are also likely to influence apatite REE compaosition, it is unlikely that a general Eu in
apatite oxybarometer is feasibl&u anomaliegh apatiteremain an unreliable recorder of magmatic

fOo.

The extentof Ce anomalies inormalisedapatite REE datappears to be independent of any control

of bulk or melt composition. In contrast to zircon, oxidising conditions and an increase in proportion
of Cé*are predicted to result in negative Ce anomalieapatie. However,Ce anomalies in apéi

are considerably smaller thahose in zircon, or compared to Eu anomaliescause theontrast in
apatite-melt partitioning of C& and Cé&*, while large, is significantly smaller than in zircBmall Ce
anomalies in hormalised apatite data are not reliably determined by simple comparison with similar
radii REE pairs, partly due to variations in overall REE trends in apatite data. The extent of Ce and Eu
anomalies in apatite can be more accurgtebnstrained by fitting whole REE apatite data using a
polynomial fitting approachalthough all methods of identifying anomalies in normalised REE have
limitations. Reexamination of literature data suggests that a small proportion of apatites have
negaive Ce anomaliedut thata largemroportion have small positive Ce anomalies. The cause of

this relative enrichment in Ce compared to other REEs remaitleamComparison of apatite and
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zircon Ce data does suggest that there magdmecontrol of fQ on apatite Ce content. However,
the limited extent of Ce anomalies in natural apatite wolaldyelylimit application ofany
oxybarometer, and the control of #@n REE behaviour in apatite remaimgexplainedAlthough
apatite composition provides a useéfrecordof the chemical characteristicg magma from which it

crystallised it provides, at best, an unreliable indicator of the oxidation state of magmas.
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Table 1Sources of datased

Reference Host (rock typémagma Localitydetails
composition)
Alavijeh et al., 2019 | Gabbro Nodoushan plutonic complex,

Sanandafirjan Zone, Central Iran

Azadbakht et al., Series of felsic intrusions: Arcadianrelated granitoids, New
2018 granodiorite to granite Brunswick, Canada

Belousova et al., Metastudy: granite, larvikite, Metastudy: various

2002 dolerite, carbonatite, Iron ore

deposts, lherzolite

Birski et al., 2019a

Nakhlite meteorites (Martian)

NWA 10153 and NWA 10645
Martian meteorites

Birski et al., 2019b

Phosphates: cherts, BIFs, silicifieg
felsic volcaniclastics, igneous
derived detrital apatites

Barbertongreenstone belt, Kapvaal
Craton, S. Africa.

Bruand et al., 2014

Granites; appinite, granodiorite

Rogart and Strontian plutons, N.
Highlands, Scotland.

Bruand et al., 2020

Various granitoids

Various Archaen granitoids, plus
comparative Phanerozoic graoits

Cao et al., 2012

Granites, granodiorites, diorite
porphyries

Various granitic ore deposits,
Central Kazakhstan

Chen et al., 2019

Quartz diorite and diorite
porphyry, diabase, granodiorite

Xietongmen orebearing porphyries,
S. Gangdese Belt, S. Tibet

Chu et al., 2009

Suite of rocks, categorised as S
type granites,-type granites and
adakites

Trashimalayan igneous plutonic
suite, Tibet

Duan et al., 2019

Granodiorites

Wushan granitoid, Middieower
Yangtze Metallogenic Belt, and
Zhuxiling granitoids]iangnan
Orogenic Belt, E. China.

Fabbrizio et al., 2018

Volcanic despoits: granular,
leucocractic, lithic breccia (italites)

Colli Albani Volcanic District, Centr
Italy

Hoskin et al., 2000

Zoned pluton: adamellite,
granodiorite, diorite, quartz
monzodiorite and aplite

Boggy Plain pluton, E. Australia

Kogarko, 2018

ljolite-urtite; peralkaline intrusion

Khibina alkaline complex, Kola
Peninsula, Russia

Miles et al., 2013

Granodiorites, granite

Criffell pluton, S. Scoltand

hQ{ dz t A @I
2019, 2020

Metastudy: various (igneous and
metamorphosed igneous derived
apatite only)

Metastudy: various

Qian et al., 2019

Mineralised granodiorite

S. Anhui Province, China

Quetal., 2019

I-type granite

/I Sy NI € DNBI G - )
China

Richards eél., 2017

Broad range of igneous intrusions
associated with IOCG and porphy
deposits (Cu mineralisation)

Mesozoic Coastal Cordillera, N. Ch

Sha and Chappell,

1999

I-type and Sype granites

Lachlan Fold Belt, SE Australia
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Sun et al., 2020

Monzoniticmafic enclaves and
host granites

Qianjia pluton, Hainan Island, Chin

Wang et al., 2019

Carbonatite veins associated with
aegirine syenite

Weishan carbonatite, Shandong
province, E. China

F. Xie et al., 2018a

Quartz diorite prophyries

Xiongcun distri; southern
Gangdese porphyry Cu belt, Tibet

F. Xie et al., 2018b

Granite porphryr, granodiorite,
granodiorite porphyry, monzonite

S. Lhasa subterrane, Tibet

J. Xie et al., 2018

Monzodiorite, granodiorite

Tongling region, E. China

Xie et al., 2019 Granodiorites (porphyries) Chizhou CiMo deposits, Middle
(peraluminous,-type) and lower Yangtze metallogenic
belt, E. China
Xu et al., 2019 Granitic plutons (mineralised Tongchang and Shilicun plutons, §

quartz syenite porphyry and
unmineralized)

Chira

Zafar et al., 2019

Granite

Kukaazi granite, W. Kunlun orogen
belt, NW China

Zirmer et al., 2015

Granodiorite, augite syenitesm
phonolites, pulaskite, agpaite

llimaussaq complex, S. Greenland

Zhang et al., 2020

Granite, monzodiorite; quartz
diorite, granodiorite and diorites;
minor mafic intrusions

Yunmengshan, Fangshan,
Tiantangzhai, Dabie, and Shicheng
intrusions, North China Craton

Apatite-melt Mn parti

tioning data: experimental studies

Danni et al., 2001

Analogue Shergotty (Martian)
meteorite system (watebearing,
halogenfree)

Phase equilibria (high melt fraction
fixed pressure/temperature/fO2

Stokes et al., 2019

Basaltic andesite to rhyolitic melt
compositions saturated with
apatite

Apatite-melt Mn partitioning at
fixed pressure/temperature/fO2

Vander Auwera et
al., 1998

natural jotunite starting
composition: accessory apatite

with low fraction melt

Phase equilibria at fixed
pressure/temperature, some fO2
buffered
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Figure captions

Figure 1. Variation in apatit@hole rock Mn partitioning (based on element proportions by weight)

as a function of NBO/T, calculated from whole rock data, assuming all F& as&én accordance

with protocol ofMysenet al. (1984, 1982)Crosses are apati@elt partition coefficients from
experimental studies where melt data is available. Dashed line is correlation of Stokes et al. (2019).
A. shows all data, and B a magnified view of scatter at low values of NBO/T where data clsester. In
C. shows an alternative, simple exponential correlation based only on the experimental data in

Stokes et al. (2019). Same colour key used in all plots.

Figure 2. Variation in apatiehole rock Mn partitioning as a function of A. ASI (based on wiocle
data, or melt compositions for experimental studies), and B. whole rock (or melt for experimental
studies) Sigby weight, normalised to 100%, not including loss of ignition or low electron

microprobe totals due to the presence of water. Same kelyigsre 1.

Figure 3. Comparative plots of Mn content of apatite (recalculated as ppm by weight) as function of

whole rock or melt A. ASI, B. stdntent (by weight), and C. NBO/T.

Figure 4. Dependence of apatite Mn content on: A. log(f@etermined fom chemistry of other
phases (see references for detail) or as constrained in experiments; larger data points are those used
by Miles et al. (2013) to constrain their oxybarometer (solid line); B. (EwWEutpexisting zircon,

i.e. calculated Eu anomatompared to general REE trend in chondnitemalised data, defined as

(EUW/EU*)=— ,where® is the chondrite normalised concentration of Eu; C.
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Calculated C&/Ce** ratio in zircon(Ballard et al., 2002ppasel on normalised zircon and whole rock

data.

Figure 5: Apatitavhole rock partitioning and apatite concentration (chondsitermalised) of key

REE as a function of NBO/T (A,D), whole rock(BiB) and ASI (C,F).

Figure 6. Variations in concentratiookvarious trace elements in apatite with NBO/T (from whole

rock data) and whole rock Si(by weight).

Figure 7. Selected Chondrt®rmalised REE patterns from apatite, offset vertically for clarity (same
scale) Single analyses are shown to illustr&i# variability in apatite REE patternSun et al. (2020)
shows data frongranite-hosted apatite, Xie et al. (2018&adpm quartz dioritehosted Alavijeh et al.
(2019) from alkaline gabb+bosted,andQian et al. (2019) from granodiorifeosted apatite all

showing typical LREE over HREE enrichment and variable negative Eu anBmaliebet al. (2020)

is data from TTéosted apatite showing reverse pattern of LREE depletion relative to MIRIEE,

and data fromXie et al. (2019%refrom granodioritehosted apatite which show minor MREE
enrichment and HREE depletidullivan et al. (2019) shows MREE enrichment in upper greenschist
facies metapelite. Azadbakht et al. (2018) is data flatite granodioritehosted apatite showing a
flat REE pattern witkarge negative Eu anomaly and small positive Ce anoBaiki et al. (2019)

data is from apatite in dacitderived volcaniclastic sediment from the Barbeton Greenstone belt,

showing MREE enrichment and no negative Eu anomaly.

Figure 8. Procedure foitting REE data and quantifying Eu and Ce anomalies used here. Chondrite

normalised REE concentrations plotted as a function of ionic radius (squares), and data (not
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including Eu and Ce concentration) fitted to a general polynomial function. Line showkstsd

REE concentrations based on fitted polynomial, with residuals shown in figure above.

Figure 9. Cand Euanomaliedn apatitecalculated using a whole REE polynorfiitshg method

compared to traditional approaches (&), [4] and [5] in mairext).

Figure 10. Comparison of extent of Ce (A) and Eu (B) anomalies in apatite calculating using the

polynomial fitting method, with data from coexisting zircons.

Figure 11. Calculated Eu and Ce anomalies (polynomial fitting) in apatite as a fohetiooie rock

SiQ content.

Figure 12. Approximate positions of valence changes for Eu, Fe and Ce in magmatic systems, after

(Herd, 2008)with data for Ce fronfShreiber, 1987) relative to the IW (R€eO) solid buffer.

Figure 13. Calculated Eu and@®malies in apatite for the whole dataset, determined by

polynomial fitting.

Figure 14 Comparison of Ce and Eu anomalies in apatite and corresponding whole rock data, both

determined by polynomial fitting. Key same as Figure 13.
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