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摘要:近十多年来,对于Cr稳定同位素的研究,尤其是在地表低温氧化还原过程中的研究得到了极大的发

展.但是,在同一时期,对于高温过程中Cr同位素的研究却出现停滞不前的现象.随着质谱分析技术的提升

和双稀释剂方法的广泛应用,使得高温过程中较小的同位素分馏可以被精确识别.详细介绍了近年来Cr元

素和同位素在高温过程中的分配和分馏行为的研究进展,并对其潜在的应用进行展望,希望对Cr元素和同

位素体系在未来的研究中提供可行的方向.
关键词:铬元素和同位素;高温过程;同位素分馏;氧逸度;行星演化

0 Chromiumelementgeochemistry
0.1 Chemicalpropertiesofchromium

Chromium (Cr)isatransitionmetalelement
ofthesixthsubgroup(VIB)ofthefourthperiodin
theperiodictable.Itsatomicnumberis24,with
theaverageatomicmassof51.9961andtheouter
electronconfigurationas3d54s1[1].Chromiumhas
adensityof7.14,ahighmeltingpointof1900�C,

andastablecubiccrystallinestructure[1].The
name“chromium”issourcedfromtheGreekword
of“chroma”,whichrepresents“color”referringto
colourmaterialswithchromiumcomponents[2].

Chromiumisaredox-sensitiveelement,which
couldbestablein+6,+3,+2and0valenceson
theearthinrelationtodifferentoxygenfugacities.
Generally,Cr6+andCr3+arethepredominantCr
species in Earth’s near-surface environments
accordingtotheprevailingredoxpotential(Eh)

and PH condition[3]. In Earth’s surface
environments,trivalentCrisoftenbound with
O2-orOH-toformoxidesorhydroxides,which
arebothimmobileandinsoluble.Bycontrast,

Cr6+asCrO2-4 (chromate),HCrO-
4 andCr2O2-7 ,

aremobileandsolubleinaqueousfluids.Incrust
and mantlerocks,CrcouldoccurasCr2+ and
Cr3+.TheCr2+/Cr3+ ratiosintherock-forming
mineralshavebeendocumentedtobedominatedby
themineralstructureandredoxcondition[4-14],and
willbediscussedindetailinthefollowingsection.
InEarth’score,CrispresentasCr-metal,orFe-
richintermetalliccrystals (e.g.,Fe15Cr),or
sulfidecrystals(e.g.,CrS,FeCr2S4)[15].
0.2 Chromiumdistributioninprimaryterrestrial

reservoirs

ThedistributionofCrinterrestrialreservoirs
is mainly controlled by the core-mantle
differentiation, partial melting, and various
crystallization mineral phases during magma
evolutions.ThecarbonaceouschondriteCI(oneof
eightmajorgroupsofcarbonaceouschondrites),is
typically used as reference materials for the
average composition of planets[16-18]. The Cr
contentin the carbonaceous chondrite CIis
approximately2623ppm (orμg/g),whilethe
averageCrcontentofthebulkplanetearthandthe
mantleisapproximately4400ppm and2500
ppm,respectively,based onthe Mg/Crratio
correction[17-20].Accordingtothe massbalance
calculation,thecontentofCrinthecore was
estimatedtobe~9000ppm[17,20].

TheCrcontentin mantleperidotiteranges
frommorethan1000ppmto10000ppm,andis
about2500ppmasawhole[18,21,22].Inthemantle
peridotite,the main Cr-bearing minerals are
clinopyroxene,orthopyroxene,garnetandspinel
and other aluminum-containing minerals[23-24].
Comparedwiththemantle,theCrcontentofthe
crustissignificantlylower.TheCrcontentofthe
uppercontinentalcrustisusuallydozensofppm,

withanaveragevalueofabout92ppm[25-31].The
middlecontinentalcrusthasasimilarCrcontentto
thatofthe uppercontinentalcrust,with an
averagevalueofabout76ppm[26,31-33].Thelower
continentalcrustisslightlyhigherinCrcontent,

withanaveragevalueof~215ppm,duetothe
factthatthelowercontinentalcrustdisplaysmore
enrichmentsofmaficrocksthanmiddleandupper
continental crusts[31,33]. The mid-ocean ridge
basalts(MORB)contain~300ppmCr[34],while
theCrcontentofoceanicislandbasalt(OIB)varies
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fromafewppmtothousandsofppm,mostof
whicharebelow500ppm[35-37].

ThedistributionofCrinvariousreservoirson
the surface is extremely heterogeneous. The
contentofCrinmarinesedimentsisgenerallylow,

generallyrangingfrom1to500ppm[38-45].The
sandstonehasgenerally10to100ppmCr,while
Crcontentsare85to400ppmintheshale,and1
to3350ppminthesoil[38-41].Crexistsintheform
ofbothCr3+andCr6+inmodernoceans,inwhich
Cr6+ispredominant,withanaveragecontentof
0.05~1ppb[42-45].

Insummary,the mantleandthecorehost
almostallofCrinthebulkearth,whilethe
relativeproportion ofthe mantletothecore
remainscontroversial.Incontrast,Crcontentsin
thecrustandsurfacereservoirsarerelativelylow,

andcontributeverylimitedCrtothebulkearth.
0.3 PartitionbehaviorsofCrduringhightemperature

processes
Thesilicateearthissignificantlydepletedin

CrrelativetothecarbonaceouschondriteCI,based
ontheobservationthattheCr/Mgratio(0.0115)

ofthemantleisonly0.42ofthat(0.0275)ofthe
carbonaceouschondriteCI[17,20].Apreviousstudy
suggestedthatthismaybeduetothefactthatCr
tendstoenterthecoreinareducedformduringthe
core-mantledifferentiationprocess[46],reflecting
thatmostofCr(above60%)intheearth may
enter the core. According to mass balance
calculations, the distribution coefficient DCr

betweenthecoreandthesilicateearthisproposed
tobe2.5to3.5tofitthecurrentCrcontentinthe
mantle[17,20,47,48].Accordingtotheconditionsfor
satisfyingthisequilibriumpartitioncoefficient,the
dynamicsoftheinitialaccretion oftheearth
accretion,thecore-mantledifferentiationprocess
andthephysicalandchemicalconditionshavebeen
restricted[18,46,48-56].Currentexperimentalstudies
haveshownthatthedistributioncoefficientofCr
betweenmetalandsilicateismainlycontrolledby
temperature (T),the composition of light
elementsinthemetalphase(C,S,Si,andsoon)

and oxygen fugacity (fO2).The siderophile
affinity of Cr becomes stronger, at lower
temperatures,andwithhighercontentsofC,S,

andSi[48,51-57].Inearlystudies,inordertosatisfy
thehigh partitioncoefficientsofCrandother
redox-sensitive elements between metals and
silicates,theinitialmaterialsofearthaccretion
wereconsideredtobereducingmaterials,suchas
enstatitechondrites.Duringthelateraccretion
process,the Earth’smagmaoceanbecamemore
oxidizedduetolate-arrivingplanetesimals with
higher FeO/Fe ratio or the self-oxidation
process[48,54,58-60]. An alternative opinion
accountingfortheCrpartitionintothecoreisthat
Crcanalsohavestrongsiderophileaffinityunder
high oxygen fugacity and high temperature
conditions[56].Thisspeculationisconsistentwiththe
factthatthesolubilityofOinmetalsincreaseswith
theincreaseoftemperatureandpressure,implying
thatbothEarthandMarsmayhavegrownfrom
oxidizingchondrites[62].Basedontheseismicwave
velocitystudiesonthecorewithdifferentcontents
oflightelements,Badroetal.[63,64]proposedthat
oxygenisanessentiallightelementintheEarth’s
core, reflecting that the oxygen fugacity
environment during core-mantle differentiation
might be higher than previously thought.
Althoughitisstilldebatableregardingtheinitial
materialsandtheaccretionmodelsoftheEarth,

the Cr partition behavior between metalsand
silicatesdisplaysaremarkablepotentialinsolving
thisissue.

The partition coefficients between rock-
formingmineralsandsilicatemeltshavebeenwell
constrainedin previous studies.Early studies
mainlyfocusedonthepartitionbehaviorsoftotal
Cr (both Cr2+ and Cr3+ )inthe mineral-melt
system.Generally,exceptfor olivine,Cris
compatible in other major mantle minerals,

including clinopyroxene,orthopyroxene,spinel
andgarnet[65-72].Asmentionedearlier,Crmainly
existsin +2and +3valenceformsinsilicate
mineralsandmelts,andtheoxygenfugacitywas

1321第9期 Chromiumelementandisotopegeochemistryinhightemperaturesystems



特

约

评

述

proposedtobecapableofcontrollingthepartition
coefficientsofCrbetweenmineralandmelt.Liet
al.[73]conductedanexperimentalstudythatCr2+

preferentiallyentersinto pyroxene and olivine
latticesrelativetoco-existingspinelunderhigh
temperatureandreducingconditions(attheCr-
CrO buffer)in Fe-free systems. However,

Mallmann and O’Neill[74] obtained that the
partitioncoefficientsofCr2+betweenmineralsand
meltsare0.85±0.31forolivine,0.84±0.05for
orthopyroxene,0.58±0.11or0.65±0.08for
clinopyroxene,respectively,whileDCr3+are0.85±
0.31forolivine,3.52±0.17fororthopyroxene,

12.6±0.67or8.72±0.38forclinopyroxene,

respectively.Thedifferences mightalsoreflect
thatthepreferentialsubstitutesofCr2+ andCr3+

aredistinctindifferentmineralstructures.Spinel,

oftencontainingseveraltotensofpercentofCrin
weight,isgenerallyconsideredtoincorporateCr
as+3valence.Crspeciesinspinelsarealways
proposedtobein+3valenceoveralargeoxygen
fugacityrange[6].Thisspeculationisconsistent
withtheXANESanalysesofCr3+/∑Crratios(=
1)ofspinelseparatesfromboththeearthmantle
peridotitesatfO2neartheFMQoxygenfugacity
buffer[75],andthelunarbasaltsatfO2of4~6log

unitbelowtheFMQbuffer[14].

DataarefromGEOROC(http://georoc.mpch-mainz.gwdg.de/georoc/,accessedonMarch10,2020).

Fig.1 Whole-rockCrcontentsversusMg#valuesdiagramofglobalperidotites

reflectsCrpartitionbehaviorsduringpartialmelting

Chromiumpartitionbehaviorsbetweenthese
mineralsand melts mightaccountforthe Cr
content variation in the mantle peridotites.
PreviousstudiesobtainedthattheCrcontentsare
relatively constant from refractory to fertile
peridotites,independentofthedegreesof melt
extraction,inotherwordsthewholeCrpartition
coefficientbetweenthepartialmeltandtheresidue
isclosetoapproximately1(e.g.,Fig.1)[18,21].
Accordingtothenon-modalmeltingmodel[77],this
mightbeattributedtoconsumption ofCr-rich
pyroxenesandpartofspinelstothe meltsand
generationsofCr-depletedolivinesintheresidues
duringpartialmeltingofthemantleperidotite.To
balancethenonet-changeofCr,residualspinels
wouldincorporatemoreCr,leadingtoCr# in
spinels(themolarratioofCr/(Cr+Al))increasing
viatheenhanceddegreeofthepartialmelting[78].

Duringmaficmagmaticevolutions,fractional
crystallization minerals control Cr content
variations.Therearetwomainstagesinvolved,
fractionalcrystallizationsofmineralsduringthe
upwellingoftheinitialmantlemeltandsubsequent
magmaticemplacementoreruption.Fractional
crystallizations of minerals during the latter
process has been well constrained based on
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widespreadlavasandintrusionsinthe Earth’s
surface. Generally, olivine fractional
crystallizationcouldslightlyraiseCrcontentsin
melts,whilefractionalcrystallizationsofspinels
(e.g.,chromites)andclinopyroxenesremarkably
reducedCrcontentsinmelts.Sometimes,dueto
thefactthatolivineandspinelarebothearly
crystallization minerals,cumulate mineralsand
residual melts display a single content drop
accompanyingdecreased MgO contentsand Mg
number(moleratioofMg/(Mg+Fe))[35-36].Itis
worthnotingthatthereseemstobeaCrcontent
gapbetweentheinitialmagmaoftheinvestigated
maficrocksandthedirectpartialmeltsfromthe
mantleperidotite,theformerhavingCrcontents
almostoneorderof magnitudelowerthanthe
latter[21,22,34-37].Thisdiscrepancycouldbelinked
tothefractionalcrystallizationofspinel/chromite
duringthe mantle meltupwelling.Roederand
Reynolds[79]haveconductedexperimentsfocusing
onCrsolubilityandchromitecrystallizationin
basalticmeltsattemperaturesof1200~1400℃,

overarangeofoxygenfugacityandpressureof1
atm and 10 kbar. The solubility is highly
dependentonthetemperature,consideringthat
thebasalticmelttendstoincorporatemuchlessCr
atthelowertemperatureunderthesameredox
conditions,e.g.,Cr2O3contentsofsilicateglass
are0.573wt.%at1400℃,0.162~0.168wt.%
at1300 ℃,and ~0.046 wt.%at1200 ℃,

respectively,undertheoxidizedcondition(fO2of
~-7.6).Ontheotherhand,theoxygenfugacity
alsocontrolsCrsolubilityinmelts,e.g.,Cr2O3
contentsofchromite-saturatedmeltsvariesfrom
0.05wt.%atfO2of-3to1.4wt.%atfO2of
-12.8underthepressure-temperaturecondition
of 1300℃ and 1atm, respectively. This
observationcouldexplainwhymaficrocksformed
underthereducedconditions(suchastheMoon,

Vesta)havehigherCrcontents(severalthousand
ppm)thantheterrestrialmaficrocks (several
hundredppm).

Insummary,Crplaysanimportantrolein

constraining the Earth’s core-mantle
differentiation process and in tracing partial
meltingand magmaticevolutionprocesses,but
thereremain some problems.The Crisotope
systeminthecorrespondingprocessesmayprovide
newideasforsolvingtheseproblems.

1 Chromiumisotopegeochemistry
Chromium consistsoffourstableisotopes

(50Cr,52Cr,53Cr, and 54Cr) with natural
abundancesof4.35%,83.79%,9.50%,and
2.36%, respectively[80]. Within these four
isotopes,partof53Crisadecayproductofthe
extinctnuclide 53Mn,with a half-lifeof3.7
Myr[81].Becausetheseshort-livednuclideswere
producedinsupernovaebeforetheformationofthe
solarsystem.53Mn-53Crdatingsystemiscapable
ofinvestigating early evolutions ofthe solar
system[82-86].Theneutron-richisotope54Crhasa
massclosetoFe,andisproducedinTypeIaand
Type Ⅱ supernovae[87-88].Combined withother
ironpeakelementisotopes,suchas48Ca,50Ti,62Ni,

and64Ni,theseisotopeanomalieshavebeenused
to trace meteorolite sources and mixing
processes[3,88-91].Inthispaper,wewillfocuson
thestableCrisotopesystem.Stablechromium
isotopecompositionsaretypicallyexpressedasthe
permil-difference in 53Cr/52Cr relative to the
NationalInstituteofStandardsand Technology
(NIST ) Standard Reference Material 979
(SRM979),followingthedeltanotation:

δ53Cr=

53Cr
52Cr  Sample
53Cr
52Cr  SRM979

-1

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁􀪁

×1000 (1)

  Apartfromthemass-independentfractionationof
Crisotopes,inrecenttwodecades,researcheson
mass-dependentfractionationsofCrisotopesalso
haveachieved greatdevelopment,especiallyin
low-temperatureenvironments.Similartoother
multi-valenceelementisotopes(e.g.,Fe,Cu),

theredox-relatedprocessiscurrentlyknownasthe
main factor causing the fractionation of Cr
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isotopes.Schaubleetal.[92]calculatedthatthe
equilibrium fractionation factor Δ53Cr between
CrO2+4 andCr(H2O)3+6 atroomtemperature(25
℃)is6.6‰,andthefractionationvaluecanreach
7.6‰at0℃.Theequilibriumfractionationfactor
ofCr(H2O)3+6 -Cr2O3at25 ℃isonly0.4‰.
Ellisetal.[93]alsoobtainedthatduringreductions
from Cr6+ to Cr3+ bythreedifferentreducing
agents (intertidalsilt,freshwaterclaysiltand
magnetite),theobviousfractionation(3‰~4‰)

wouldoccur.Heavy Crisotopes werepartially
enrichedinresidualCr6+,duetothesmallerionic
radiusofCr6+ relativeto Cr3+.Accompanying
changes of the redox environment at low
temperatures,thefractionationofCrisotopesup
topartsper milleveloccurred.Furthermore,

remarkablydifferentmobilitiesandsolubilitiesof
Cr6+andCr3+,aswellashighlytoxicofCr6+[94]

makeCrisotopeanindextotraceCrpollution
sources and the degree of reduction after
treatments.Thus,thestableCrisotopesystemis
very usefulfortracingthe attenuation of Cr
contamination in groundwater systems, and
reconstructing the ancient atmospheric oxygen
evolution under the low temperature
condition[40,41,44,95-123].

Unlike the low-temperature process, Cr
isotopefractionations during high temperature
geologicalprocessesareconsideredtobelimited
due the equilibrium fractionation value being
theoreticallyproportionalto1/T2[75].Alongwith
theimprovementofmassspectrometrytechnology
andthewideapplicationofdouble-spikemethods
usingbothmulti-collectorthermalionizationmass
spectrometry (TIMS)[88] and multi-collector
inductively coupled plasma mass spectrometry
(MC-ICP-MS)[125-127],theanalyticalprecisionhas
beenimprovedobviously (e.g.,> ±0.5‰,

2SD[124];±0.2‰[92];±0.06‰,2SD[125-126]),

making it possible to identify smallisotope
differences.Intherecentdecade,moreandmore
workshavefocusedonCrisotopebehaviorsinhigh
temperatureprocesses.

Inthisfollowing,wewillfocusonadvances
thathavebeenmadeinastableCrisotopesystem
inhigh-temperatureprocesses.Mass-independent
Mn-Crisotopedatingand54Cranomalies,aswell
as Cr isotope system in low-temperature
processes,havebeendiscussedindetailinRefs.
[3,128].Readerswhoareinterestedinthesefields
arereferredtothesetworeviews.
1.1 Theearthmantleandpartialmeltingprocess
1.1.1 Theearthmantleandthebulksilicateearth

Astheearthmantlehostsover99%Crofthe
bulk silicate earth (BSE),the Cr isotope
compositionofthe mantlecouldrepresentthe
isotopecompositionoftheBSE.Schoenberget
al.[125]firststudiedtheCrisotopecompositionsof
avarietyofmantle-derivedrocks,includingmantle
xenoliths, ultramafic rocks, cumulates, and
oceanicandcontinentalbasalts.TheCrisotope
composition(δ53Cr)oftheinvestigatedsamples
displaysarangeof-0.21‰to-0.02‰ withan
averagevalue of - 0.12 ± 0.10‰ (2SD).
Subsequently,Schoenberg etal.[129] conducted
repeatedanalysesonthesamesamples,andthe
obtainedδ53Crvaluesofperidotitesarepositively
correlatedwithMgO/(MgO+FeO)values.They
speculatedthatpartialmeltingmightfractionateCr
isotope,withlighterCrisotopeincorporatinginto
melts,leavingheavierCrisotopeinresidues.Xia
etal.[130]systematicallyanalyzedforty-fivemantle
xenoliths including spinel and garnet facies
peridotites, pyroxenite veins, metasomatized
xenolithsfrom central Mongolia,North China,

SiberiaandSouthernAfrica.Theδ53Crvaluesof
thesemantlexenolithsrangefrom-0.51±0.04‰
(2SD)to+0.75±0.05‰ (2SD),whichmightbe
influenced by partial melting, kinetic
fractionation,andsecondaryalteration.Having
eliminatedeffectsofthepartialmeltingandthe
metasomatism,weobtainedthepristine,fertile
upper mantle with a Crisotope composition
(δ53Cr)of-0.14±0.12‰ (2SD)(Fig.2).Sossi
etal.[131]reportedthattwentyterrestrialultra-
maficsamplesdisplaytheδ53Crvaluerangingfrom
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-0.17±0.06‰ (2SD)to-0.07±0.04‰ (2SD),

withanaverageof-0.11±0.05‰ (Fig.2).A
mostrecentworkbyJerrametal.[132]presented
thatCrisotopecompositionsofaseriesofthe
komatiitesformedfrom2.7billionyears(Ga)to89
millionyears(Ma)arerelativelyconstant,and
havealimitedrangeof-0.16±0.02‰ (2SD)to
-0.01±0.02‰ (2SD).Thesekomatiiteshavean
averagevalueof -0.12±0.04‰,whichis
consistentwith previousstudies (Fig.2).In
summary,theaverageCrisotopecompositionof
theearth mantleandthebulksilicateearthare
mostlikelyinarangeof-0.14‰to-0.11‰.

DatafromRefs.[130-132].Dataofsamples,thatwereproposedtohavesufferedsignificantlyfrom metasomatism,havebeenexcluded.

ThecompilationindicatesthepartialmeltingprocesscouldleadtoCrisotopefractionation,generatingisotopicallylightermelts.

Fig.2 CompilationofCrisotopecompositionsofmantlexenolithsandkomatiites

1.1.2 Partialmeltingprocess
InthestudiesbySchoenbergetal.[129]andXia

et al.[130],refractory peridotites tend to be
enrichedinheavierCrisotopecompositionsthan
fertile ones,indicating Cr isotope could be
fractionatedduringthepartialmeltingprocess.Xia
etal.[130]speculatedthattheisotopefractionation
mightbeinrelationtotheisotopicallyheavier
residualmineral(e.g.,spinel)relativetomelts.
Thisspeculationwasbasedontheprevioustwo
works.First,Farkašetal.[133]conductedstableCr
isotopeanalysesofgloballydistributed30mantle-
derivedchromites,whichdisplayaslightlyheavier
Crisotopecomposition (withanaverageδ53Cr

valueof-0.08±0.13‰)thantheaveragevalue
oftheBSE.Subsequently,Shenetal.[134]also
obtainedthatchromite-bearing peridotites have
heavier Crisotope compositionsthan adjacent
chromite-freeones.However,thepartialmelting
processofmantleperidotitesinvolvedconsumption
ofsomemantlemineralsandgenerationsofmelts
andmanymantleminerals.

To fully understand the Cr isotope
fractionation behaviorand mechanism,Shen et
al.[75] focused on mantle minerals (olivine,

pyroxene and spinel)from mantle peridotite
xenoliths(includinglherzolites,clinopyroxene-rich
lherzolites,andwehrlites)intheCenozoicbasalts
fromtheNorthChinaCraton.Twomethodshave
been used to approach the equilibrium inter-
mineralCrisotopefractionationfactor,aswellas
influences from mineralstructures and redox
conditions.Firstly,Shenetal.[75]conductedthe
synchrotronradiationX-raynear-edgeabsorption
spectroscopy(XANES)analysestoquantitatively
determine ratios of Cr2+/Cr3+ in olivines,

pyroxenesandspinels,andobtainedapproximately
20% Cr2+ inthe olivinefrom lherzolitesand
clinopyroxene-richlherzolites,whilethe Crin
olivinesfrom wehrlitesisbasically+3,implying
incorporationsofthesubductedoxidizingmaterial
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(e.g.,sedimentarycarbonate)inthePacificslab
oxidized Cr2+ to Cr3+.Cr2+ is notfoundin
orthopyroxene,clinopyroxeneandspinelinall
samples, which is in line with previous
experimentaldataandobservationresultsoflunar
basaltpyroxene,indicatingthatCr2+inpyroxene
wasoxidizedbyFe3+andTi4+ duringthecooling
process[6]. Combining the mineral crystal
structuremodelandthebasictheoryofisotope,

theequilibrium fractionationcoefficientbetween
themineralphases,generallyfollowstheorderof
Spl>Cpx,Opx> Ol.Secondly,theanalysis
resultsofindividualmineralsfromthelherzolites
show that these minerals have reached the
equilibriumofCrisotopefractionation,andthe
fractionation factors are consistent with the
calculationresultsofthemodel[75].Usinginter-
mineral equilibrium fractionation factors,the
isotopecompositionfeatureofpartofreported
mantle xenoliths could beinterpreted by the
isotopefractionation during partial melting[75].
Recently,Bonnandetal.[76]conducteddissolution
andcrystallizationexperimentsofchromitesfrom
basalticmagmasandobtainedthat,inbothcases,

melts wereisotopically lighter than equalized
chromites,consistentwiththeresultfrom Ref.
[75].
1.2 Theearthcoreandchondrites

Metal-silicatesegregationisoneofthemost
importantdifferentiationeventsintheearlysolar
system[15]. For terrestrial planets and
differentiatedasteroids,ametallicinnercoreanda
silicateoutermantleformedafterthisevent.The
chemical signatures of the mantle were
dramatically changed from the chondritic
compositions,especiallyforsiderophileelements.
Consideringthedifferentbondingenvironments
andvalencestatesofsiderophileelementsbetween
metalandsilicate,isotopicsignaturesofthese
siderophileelementsinthemantlesorcoresmay
also bechangedfrom the bulk planets.The
magnitudeoffractionationisdependentonthecore
formationconditions.

For the Earth, the Moon, and some
asteroids,mantlesaredepletedinCr,whichis
likely to result from core formation[20,135].
Chromiumisincreasinglysiderophileunderhigher
temperature,morereducedconditions,or with
elevated S and C contentsin the metal[136].
ComparedwiththeCrelementsystem,Crisotope
couldhelptoprovidefurtherconstraintsonthe
coreformationconditions,andtoshedlightonthe
natureofCrdepletionintheterrestrialandlunar
mantle.AseriesofCrisotopestudiesondifferent
planetaryreservoirs[15,129-132,137,138],aswellasthe
Cr isotope fractionation factor determination
betweenmetalandsilicateinhightemperature-
pressure metal-silicate experiments[137,139] have
beenconducted.

High temperature-pressure experiments
conducted showed no significant Cr isotope
fractionationbetween molten metalandsilicate
meltat1.5GPaand1923K,buttheirexperiments
sufferedfrom thelossofCrtothecapsules,

indicatingthesystem wasnotinequilibrium[137].
Subsequentsystematichightemperature-pressure
experimentsovercametheproblemofBonnandet
al.[137]andshowedthattheheavierCrisotopes
werepreferentiallyenrichedinthemetalphases
relativetothecoexistingsilicatephases,with
Δ53Crmetal-silicateof0.08±0.01‰at1873K,1GPa
and6wt.% Nicontentinthemetal[139].

Moynieretal.[15]reportedalighterCrisotope
compositionforallsubgroupsofchondriteswith
δ53Crvaluesof-0.2‰ to -0.4‰,whichis
0.1‰to0.2‰lighterthanthebulksilicateEarth
(BSE).TheheavierCrisotopecompositionofthe
BSEwassuggestedtohaveresultedfromlightCr
isotopeenteringthe metalphase preferentially
duringcoreformation,andarelativelylowcore
formation temperature and highly oxidizing
conditionswereneededtoinducesuchalarge
isotope variation between chondrites and the
BSE[15]. However, subsequent Cr isotope
measurementsonchondritesshowednoresolvable
difference[129,131,132,137,138], which is consistent
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withthehightemperaturecondition(>3000K)of
terrestrial core formations and experimental
results[139].Theδ53Crvaluesofthelunarmantle
andtheVesta’smantlewereconstrainedtobe
-0.21 ± 0.06‰ and - 0.22 ± 0.03‰,

respectively[131,137,140],whichis ~0.1‰ lower
thanthechondriticvalue.Thecoreformation
temperatureofthesesmallplanetsisrelatively
low,sothecoreformationeffectonCrisotopic
compositionsofmantlesislargerfortheMoonand
Vesta.If core formation occurred under a
relativelyreducedconditionorelevatedSandC
contentsinthecore,thecoreformationprocess
couldtotallyorpartiallyaccountforthelighter-
than-chondritesCrisotopecompositionsofmantles
ofthe Moonand Vesta.Iron meteoriteshave
extremelyheavyCrisotopiccomposition (δ53Cr
valueupto2.85‰),andthissignaturecannotbe
theresultofasteroidalcoreformationandpossibly
reflecttheeffectoffractionalcrystallization[141].
1.3 Theigneouscrustandfractionalcrystallization

processes
Having resolved isotope fractionation

behaviorsduringpartialmeltingprocesses,mafic
magmaticevolutionisalsoproposedtobecapable
ofcausingCrisotopefractionations.Bonnandet
al.[142]firstsystematicallyinvestigatedlunarmare
basaltsrepresentedbymaficrocksfromtheApollo
mission.Theyobtainedthattheδ53Crvaluesfor
lunarmarebasaltswerepositivelycorrelatedwith
indicesofmagmaticdifferentiation,suchasMg#
and Cr contents,reflecting Crisotopes were
fractionated during thelunar mafic magmatic
differentiation.Theyspeculatedthatspineland
pyroxenewerethe mainphasescontrollingtheCr
isotopecompositionduringfractionalcrystallization,

dueto ① equilibrium fractionation where heavy
isotopesarepreferentiallyincorporatedintothe
spinellattice,or ② a difference in isotope
compositionbetweenCr2+ andCr3+inthemelt.
ThiswassubsequentlydocumentedbyShenet
al.[75].Additionally,Shenetal.[75]alsospeculated
thatthelowoxygenfugacityenvironmenttendsto

inducelargerisotope fractionation during the
fractional crystallization and partial melting.
Thus, considering that terrestrial basalts
(~FMQ)areoftenmoreoxidizedthanthelunar
basalts(IWtoIW-2),thequestionofwhether
isotopefractionationscouldornotoccurduring
fractional crystallizations of terrestrial basalts
remainsunconstrained.

BothShenetal.[143]andBonnandetal.[144]

haveconductedCrisotopecompositionanalysesof
oceanicislandbasalts (OIB)from Hawaiiand
FangataufaIsland,respectively.Theconsistent
observation displayed that via the progressive
fractionalcrystallization,residual meltsbecame
isotopicallylighter,whileaccumulateshadheavier
Cr isotope compositions. The Cr isotope
fractionationduringthefractionalcrystallization
was attributed to spinel/chromite and
clinopyroxene fractional crystallization and
accumulation(Fig.3)[143,144].Combinedwiththe
equilibrium fractionation factor determined by
Shenetal.[75]andtheoxygenfugacityofthe
Hawaiian OIB, Shen et al.[143] presented a
fractionalcrystallization model,whichfitsthe
HawaiiOIBdatawell.Bothworksgaveestimation
ofCrisotopecompositionsofinitialOIBmagma,

rangingfrom -0.15‰to-0.18‰ (Fig.3).This
value was slightly lighter than the isotope
composition ofthe pristine mantle xenoliths,

supportingthatpartial melting ofthe mantle
peridotites generated isotopically heavier
refractory,releasing melts withlighterisotope
compositionsthanthemantle[130].

So far, there remains a debate for
interpretationsoftheCrisotopecompositionsfor
thelunarandtheVestamantle.Sossietal.[131]

analyzedadditionallunarigneousrocksbasedon
thelunarmarinebasaltsfromBonnandetal.[142],

andobtainedsimilarlylighterthantheBSEisotope
composition for the lunar samples. They
speculatedthatthelunar mantle mighthavea
lighterCrisotopecompositionthanthe Earth’s
mantle,andproposedavolatilelossmodelduring
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ThestarsindifferentcolorsaretheestimatedcompositionsofinitialbasalticmeltsforEarth,MoonandVesta.Thedottedlines

representfractionationcurvesforresidualmeltsafterfractionalcrystallizationofdifferentmineralassemblages,whilethenumbersin

parenthesesarethevolumetricproportionsofcrystallizedmineralassemblages,e.g.,99:1representsfactionalcrystallizationof99%

olivine+1%spinelbyvolume,and90:9:1representsfractionalcrystallizationof90%olivine+9%clinopyroxene+1%spinelby

volume.Thesolidredandgreylinesrepresentthemixingcurvesbetweeninitialmeltsandcrystallizedmineralassemblages(99%olivine

+1%spinelbyvolume)forterrestrialandlunarcumulates,andthegreensolidlineiscalculatedbymixingtheestimatedinitialmeltfor

fiveeucritesandtheaveragecompositionoftwodiogenites.ThegrayarearepresentstheestimatedaveragevalueoftheBSE[125,129-132].

DatafromRefs.[131,140-143].

Fig.3 CompilationofCrisotopecompositionsindifferentterrestrialandextraterrestrialmaficrocks.
ThemodellingcurvesforfractionalcrystallizationsandaccumulationsfollowRef.[143]

coolingandaccretionofthe Moon.A similar
speculationhasbeenmadebyZhuetal.[140],who
alsofoundtheHEDmeteorolitesfromVestawith
alighterCrisotopecompositionthantheBSE.
However,volatilecomponentsofmetalsasCr0+

weretheoreticallyenrichedinlightCrisotopes,
which wereinconsistent with the isotopically
lighterlunarbasalts.BothSossietal.[131]andZhu
etal.[140]proposedthatthevolatileCrwasinCrO2
species.A subsequentexperimentby Sossiet
al.[145]documentedCrvolatilizationsmightleadto
Cr isotope fractionation generating lighter
isotopicallymelts.Theotherargumentisthatthe
lunar mantle and the Vesta mantle have
indistinguishableCrisotopecompositionsfromthe
earthmantle(Fig.3)[75,142-144].Wespeculatedthat
theobtainedisotopecompositiondifferencesamong
theearthterrestrialbasalts,andlunarandVesta
basaltsmightbearesultofpartialmeltingand

fractionalcrystallization underdifferentoxygen
fugacity environments[143].Combined with the
previouspublisheddata,wepresentaquantitative
modelthatrelatestheCrisotopecompositionsof
basaltsfromtheEarth,theMoonandVestatothe
crystallizationassemblage,thedegreeoffractional
crystallizationandtheCr2+/ΣCrratiosofminerals
and melts,which arerelatedtothe different
oxygen fugacity environments for different
planets.Theinitiallunarmantleisestimatedtobe
relativelyhomogeneous,withaBSE-likeCrisotope
composition(-0.16‰to-0.09‰,Fig.3).Further
workisneededinthefuturetotestthedetailedeffects
ofthesetwoprocessesonCrisotopesystemsfor
planetaryformationandevolution.
1.4 Serpentinizationandhightemperature-pressure

metamorphism
Serpentinizationisthemiddle-lowtemperature

(<500 ℃)hydrothermalalterationofmaficand
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ultra-maficrocksinthesurfaceandnear-surface
environments,mainlyoccurringintheoceanfloor,

mid-ocean ridges, and subduction zones[146].
Farkašetal.[133] firstfound thatalong with
increaseddegreeofserpentinizations,Crisotope
compositionsofserpentinitestendtoincorporate
heavierCrisotopes (upto +1.22‰,Fig.4).
Theyhaveinterpreteditasaresultofalarge
amountofCr3+beingreducedfromisotopically
heavyCr6+componentsinthehydrothermalfluid
byFe2+ orH2,whichwereproducedduringthe
serpentinizationprocess.Thisexplanationrequires
thatthehydrothermalfluidhavehighCrcontents
andheavy Crisotopecompositions.However,

withrespecttocommonhydrothermalfluids,such
as low-temperature hydrothermal fluids
(seawater),theCrcontentismuchlowerthan
peridotite(about0.05~1ppb),andtheCrisotope
compositionisabout+0.41‰to+1.51‰[41,45].
AlthoughtheCrcontentinmagmahydrothermal
fluidsisrelativelyhigh (suchasultramaficand
maficmagmas,uptothousandsandhundredsof
ppm,respectively),Crmainlyexistsintheform
of+3,andtheCrisotopecompositioniscloseto
the BSE. Obviously,seawater and magmatic
hydrothermalfluidscannotexplaintheobserved

DatafromFarkašetal.[133],Wangetal.[147],andShenetal.(unpublisheddata).

Fig.4 Whole-rockCrcontentsversusCrisotopecompositiondiagraminserpentinitesfromdifferentareas

serpentinitedata.Subsequently,Wangetal.[147]

conductedsystematiccomprehensiveanalysesof
thethreeholesofthe GlobalOcean DeepSea
DrillingProgram(ODP)897C,897D,and1070A,

theophiolitesfrom NorthernApenninesinItaly,

andtheserpentinitesintheSyrossubductionzone
complex.Theseserpentinitesalsodisplayalarge
isotopevariationrange(-0.2‰ ~ +0.6‰,Fig.
4).ComparedwiththeworkbyFarkašetal.[133],

Wangetal.[147]alsoobservedaroughlynegative
correlation between δ53Cr and Cr contentsin
serpentinites, and proposed two possible
explanations:① Duringserpentinization,partial
Cr3+ wasoxidizedtoCr6+,whichisenrichedin
lighterCrisotopecompositionsdueto kinetic
fractionations;② Amulti-stagealterationprocess
wasproposed,includingtheoxidationofCr3+in
theperidotiteintheearlyserpentinizationprocess,

formingaCr6+-bearingfluid withtheBSE-like
isotopecomposition.Viathelong-termwater-rock
interaction,theCr3+inserpentinitesandtheCr6+

in fluids reach the isotope fractionation
equilibrium, which causes serpentinitesto be
enrichedwithlightCrisotopes,whilethefluidis
enrichedwithheavyCrisotopes.Finally,partof
theCr6+ withheavyCrisotopesinfluidsre-enters
theserpentinitesbysulfidereduction.Forthefirst
possibility,thereiscurrentlyalackofrelevant
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experimentalevidence.Thelatterpossibilityis
morecomplicated.Althoughitsfeasibilitycannot
bejudged,italsoneedstofacetheproblem of
massbalance,thatis,how much Cr6+ inthe
reducingfluidisefficienttochangeCrisotope
compositionsofultramaficrocks.Recently,we
haveconductedCrisotopecompositionanalysesof
serpentinitesindifferenttectonicsettingsfrom
Tonga,Xigatse,westernTianshan,andCyprus
(Shen et al.,underreview①;Shen et al.,

unpubliseddata②.Ourdatadisplayedthat Cr
isotope fractionation behaviors during
serpentinizations were complex, which was
dependent on mineral-water interactions and
uniquetectonicsettingenvironments.Therefore,

thereis still a lot of controversy over the
mechanism of Cr isotope behaviors during
serpentinization,andfurtherresearchisrequired.

Recentexperimentalandnaturalobservations
havehighlightedasignificantenhancementofCr
mobilitywithincreasedCl- contentsandreduced
environmentsinfluidsunderlowercrustandupper
mantleP-Tconditions[148-154].AbundantCl-released
duringserpentinitedehydrations(0.3wt.%to2.56
wt.%influids)[155]shouldhavethecapacityto
transferCr3+ from serpentinitesintosubduction
fluids,which mightmodifythesubductionzone
complexandoverlyingmantlewedge,aswellas
potentialarclavas.Sofar,nodirectobservations
on Crisotopefractionation during serpentinite
dehydrationshavebeenreported,andmoreworkis
expectedinfuture.

Schoenbergetal.[125]testedsomemetamorphic
minerals(includingfuchsiteanduvarovite),which
haveheavierCrisotopiccompositionof-0.05‰~
0.05‰,butthereisnoclearexplanation.Farkaš
etal.[133]alsoevaluatedthebehaviorofCrisotopes
in many metamorphic processes (such as
hydration,carbonatization,low-hightemperature
metamorphism,and so on). The analyzed
minerals were crocoite, fuchsite, stichtite,

serpentine,chromepyrope,chromechalcedony,

chromediopsideandchrometremolite.Allthese

mineralshaveheavierCrisotopecompositionthan
the BSE and the mantle-derived chromites,

implyingthat metamorphisms mightcausethe
minerals to become isotopically heavier.
Subsequently,Shenetal.[134]andWangetal.[147]

haveanalyzedwhole-rockCrisotopecompositions
ofthe metamorphic maficrocks with varying
metamorphic degreesfrom Dabie-Sulu orogen,

eastern China,to investigate the Crisotope
behaviorduringthecontinentalcrustsubduction.
The greenschists, amphibolites and eclogites
display the BSE-like Cr isotope composition
features.Lack ofresolvableisotopevariability
among the metamorphic rocks from different
metamorphic zones might indicate that no
systematicCrisotopefractionationwasassociated
withthe degree of metamorphism (Fig.5).
Furthermore,Crisotope wasalsofractionated
limitedlyduringretrogrademetamorphismsbased
on the eclogite-amphibolite lenses from
Shuanghe[134].Onepossibleexplanationmightbea
lackoffluidoraCr-poorfluidfromsubducted
sedimentsduringthecontinentalcrustsubduction,

whichhinders Cr mobilityandthuslimits Cr
isotopic fractionation[134]. Compared with the
continental crust subduction settings, the
subductionoftheoceaniccrust,whichcontains
amountsofhydrousCr-richreservoirs(especially
serpentinites,alteration oceanic maficrocks),

mightprovidediverseconstraintsontheCrisotope
systeminthesubductionzone (Fig.5).For
example,Shenetal.(underreview)hasobtained
thattheeclogitesandblueschistsfrom western
Tianshanrecordeddehydrationsofserpentinitesin
theoceanicsubductionchannel (Fig.5).This
workmightgiverisetomoreattentiononusingCr
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systemsofserpentinites,implicationforCrrecyclingintheEarth
surface.Unpublisheddata.
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DatafromShenetal.[134],Wangetal.[147],andShenetal.(underview).

Fig.5 Whole-rockLOIversusCrisotopecompositiondiagramofmetamorphicmaficrocksfromsubductedoceaniccrust
(SouthwesternTianshan)andcontinentalcrust(DabieorogenandQinlingorogen)

isotopesasa potentialindexforserpentinite-
derivedfluidsinsubductionzones.

Aspreviously discussed,sincethe mantle
hosts mostCrandhashigh Crcontents,the
effectsof mantle metasomatismson Crisotope
compositions were generally considered to be
limited.Atthemineral-scale,Shenetal.[75]found
that metasomatismscouldinfluence Crisotope
compositions of minerals from Beiyan
metasomatized clinopyroxene- (Cpx-) rich
lherzolitesandwehrlitesbymeansofmineral-melt
interactionand/orkineticdiffusion,leadingto
disequilibrium inter-mineral Cr isotope
fractionation.Especially,duringmetasomatisms,

Crisotopecompositionsofspinelswererelatively
constant, while Cr isotopes of olivine and
pyroxenesweremorevariable[75].Chenetal.[156]

alsoobtainedthatolivineandpyroxeneswereCr
isotopicallyheavierthanco-existingchromitesin
Kizildagophiolites,attributingto metasomatism
andpartialmeltingorfractionalcrystallization.At
thewholerock-scale,Xiaetal.[130]obtainedtwo
pyroxeniteveinsfrom Shavaryndisplayingvery
lightCrisotopecompositionsof-1.36±0.04‰
and - 0.77 ± 0.04‰ with complementary
isotopically heavierlherzolites,which has been
interpretedasaresultofkineticdiffusionsduring

the melt infiltration and metasomatism.
Therefore,thehightemperature metamorphism
andmetasomatisminthe mantlearecapableof
modifyingtheCrisotopecompositionofthemantle
xenolithsbyinteractionsbetweenrock (mineral)

andmeltorkineticdiffusions.
ArecentworkbyBaietal.[157]combinedthe

CrelementalzoningandCrisotopecompositionsin
mineralseparates,andhighlightedanewpotential
implicationoftheCrisotopesystemforassessing
timescalesofmagmacooling,basedonthewell
constrainedCrdiffusionbehaviorinspinel,olivine
andorthopyroxene[158-160].Althoughthismethodis
original,furthertestsarerequiredtoverifythis
hypothesis.

2 Conclusion
Inthelastdecade,thechromium isotope

systeminhigh-temperaturesettingshasachieved
plenty ofremarkableresults.This paper has
reviewedmostoftheworksrecentlyreportedin
thisareatoevaluatecurrentCrisotoperesearch
status,aswellastheremainingproblems.Inthe
following,wewilllistandhighlightthepotential
researchdirectionsandhotpointsinthefuture:

(Ⅰ)Chromiumisotopecompositionsofupper
crustremainunconstrained,whichisanimportant
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reservoirofthecrust.
(Ⅱ)Mechanismsandcontrollingfactorsfor

Crisotopefractionationsduringserpentinizations
shouldbeconstrained.Crisotopebehaviorsduring
weathering of serpentinites and subduction
dehydration of serpentinites also need
assessments,whichinfluencereconstructionsof
theancient oxygenleveland crust-mantle Cr
isotoperecycling,respectively.

(Ⅲ) More high temperature-pressure
experimentsonCrisotopefractionationsforcore-
mantle differentiation are needed to further
constrain physicaland chemicalconditionsfor
planetaryevolutions.

(Ⅳ)Moreworkisalsoexpectedfocusingon
CrvalencesandCrisotopefractionationsofrocks
from different planetary bodies to assess
attributionsfromvolatilizationsandinter-planetary
differentiationstotheirCrisotopecompositions.
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