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Chapter1

Introduction

Feldsparsformasolidsolutionseriesbetweentheend-membersanorthite(CaAl2Si2O8),

albite(NaAlSi3O8)andorthoclase(KAlSi3O8),thealkalifeldsparsbeingconstituted

bythelattertwo. TheirabundanceintheEarth’scrustandoccurrenceinawideva-

rietyofenvironmentsmakesitvitaltohaveasoundknowledgeofthelargevariety

ofintracrystallinemicrostructurestheyexhibit,andtheprocessesandparameterscon-

trollingtheirformation.Inparticularthechemicalcomposition,zoningpatterns,and

exsolutionlamellaemaybearimportantpetrogeneticinformation(Spear,1993). Many

oftheseprocessesarecontrolledbydiffusion,whichinfluencesthecompositionaland

structuralcharacteristicsoffeldspar.

Insinglecrystalsvolumediffusionistheonlymechanismforcationstomovefromone

locationtotheother,andthuscontrolstheratesofmanysolidstatetransformations,e.g.

thehomogenisationofprimarygrowthzoning,lossofradiogenicnuclidesorexsolution.

Aprofoundknowledgeofdiffusionratesallowsustoinferthermalhistoriesfromfrozen-

indiffusionprofilesandtoassesswhetherasampleisapplicableforagedatingand

geothermometryorhasbeenresetbybeingexposedtotemperaturesthatenablecation

exchangewithsurroundingrocks.

ChemicalalterationofalkalifeldsparinthesolidstaterequiresinterdiffusionofNa+and

K+ andpotentialsubstitutingofminorcomponentsonthecationsublattice. Major

effortstounderstanddiffusioninalkalifeldsparshavebeenmadeespeciallyduringthe

1970sand80s.ImportantstudieswereconductedbyBailey(1971),LinandYund(1972),

Foland(1974),Kasper(1975),Gilettietal.(1974),Petrovíc(1972),andCherniak(2010)

withfocusmainlyontracer-diffusionofcationsandChristoffersenetal.(1983),Brady

andYund(1983),HokasonandYund(1986),andSnowandKidman(1991)withem-

phasisoninterdiffusion.Goodsummariesoftheexistingdiffusioncoefficientsweregiven

byFreer(1981)andBrady(1995),thoughsomenewerstudiesarenotincludedinthese
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Introduction 2

datadigests.Lookingattheexistingdataitquicklybecomesobviousthatthediffusion

coefficientsattainedsofarcoverawiderangeofvaluesandthatmanyquestionsregard-

ingthemechanismscontrollingdiffusionarestillunanswered. Furthermore,although

anisotropyistobeexpectedfordiffusionincrystals,itisonlytreatedinveryfewofthe

existingstudies.

Theaccuracyofanydataislimitedbytheanalyticaltechniquesavailableatthetime.

Manytracer-diffusionexperimentswereconductedasbulk-exchangeexperiments,orthe

sectioningtechniquewithalimiteddepthresolutionandaccuracywasused.Insome

casesitcanbesuspectedthatthevaluesmightbeinfluencedbyartefactscausedbyfast

diffusionpathways,e.g. micro-cracksorinhomogeneitiesofthestartingmaterialsand

runproductsthatwerenotdocumented.

Tracer-andinterdiffusioninioniccrystalscanbelinkedbytheNernst-Planck-orMan-

ningequation(Manning,1968). However,duetotheaforementionedwiderangein

existingtracer-diffusiondata,thecalculationoftheinterdiffusioncoefficientsisuncer-

tain.Thusitisdesirabletodeterminetheinterdiffusioncoefficientdirectly.Foralkali

feldsparswithintermediatecompositionsof0.1≤XOr≤0.8,withXOr=
K

K+Na repre-

sentingthemolefractionofpotassiuminthefeldspar,thiswasdonebyChristoffersen

etal.(1983)indiffusioncoupleexperimentsusingalbiteandadularia. Theyfounda

stronganisotropyofinterdiffusionwithvaluesbeinglowerbyafactoroftenforinterdif-

fusionparalleltotheb-axisrelativetointerdiffusioninthea-c-plane.Theyalsofound

astrongcompositiondependenceofinterdiffusionwithaminimumatXOr 0.4anda

pronouncedrisetowardshigherXOr. Thistrendsfitsthevaluespredictedwiththe

Nernst-Planckequationusingtracer-diffusiondatabyKasper(1975)andFoland(1974),

however,theirvaluesforagivencompositionwerelowerbyonetotwoordersofmag-

nitude,dependingoncrystallographicdirection. Thisdiscrepancyraisesthequestion

whethertheproblemonlyliesinthetracer-diffusiondataused,oriftheremayalsobe

aneedforadjustmentstothemodel.Also,thecompositionrange0.8≤XOr≤1,into

whichmostnaturalOr-richfeldsparsfall,wasnotconsidered.

Additionally,duetothecompositiondependenceandanisotropyofthelatticeparam-

etersanycompositionalshiftleadstocoherencystrain. StudiesbyPetrovíc(1972),

Neusseretal.(2012)andScheidletal.(2013)observedtheoccurrenceofcrackswhen

thefeldsparcompositionisshiftedbymorethan10mole-%.Intheexperimentalsetup

byChristoffersenetal.(1983)theoverallshiftismorethan50mole-%whichwouldhave

toleadtocreepormicro-crackingtoaccommodatethestrain,however,nomentionis

madetothiseffect.

Inthisstudyonehalfofthediffusioncouplewasreplacedbysaltmelttominimize

mechanicaleffectsinfluencingdiffusion.Theotherhalfisacrystallographicallyoriented
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plateofsinglecrystalfeldspar.Feldsparswithexchangedsurfacelayersinthecomposi-

tionrange0.65≤XOr≤1wereproducedusingtwovarietiesofsanidinewithdifferent

initialcompositions.Theexchangedareaisseparatedfromtheinternalregionsofthe

grainbyacompositionfront,whichcanbeinterpretedasadiffusionfrontbecauseNa-K

interdiffusionisanecessityforcationexchangeinsinglecrystals.Dependingoncrystal-

lographicorientation,runduration,andextentofthechemicalshiftavarietyofdifferent

phenomenacouldbeobservedandevaluated.

Forshiftstowardsmoresodium-richcompositions,latticecontractionproducesavery

regular,sub-parallelsystemofcracksduetothecoherencystraincausedbythechemical

shift.Theirstrictgeometryallowsforananalysisofthefracturemechanicstoestimate

thefracturetoughness.Inthecaseofcompositionshiftstowardsmorepotassium-rich

compositionsthesystematicsandgeometryofthecracksaremuchmorecomplexand

cannotbeasreadilyevaluated.Fracturesintheseexperimentsareoftenroughlyparallel

tothediffusionfrontsandcurvewherethediffusionfrontspropagatingindifferent

crystallographicdirectionslinkup. Togaininsightintothecoherencystraincreated

byshiftstowardsmorepotassium-richcompositions,EBSDandthecrosscorrelation

methodwereemployedtodeterminethefullstresstensoracrossthediffusionfronts.

Thediffusionfrontsshowdifferentgeometriesdependingoncrystallographicdirection

andextentofthechemicalshift.Forshiftstowardsmoresodium-richcompositionsand

smallshiftstowardsmorepotassium-richcompositions,diffusionprofilesdevelopthatin-

dicateaconstantinterdiffusioncoefficient.However,forlargershiftstoXOr>0.95they

takeashapethatischaracterisedbytwoplateausandaninflectionpointofthediffusion

frontitself,whichindicatesacompositiondependence.Theinterdiffusioncoefficientis

extractedfromalargenumberofmeasuredprofilesusingBoltzmann’stransformation.

TheresultsarecomparedtothedatapublishedbyChristoffersenetal.(1983)aswellas

interdiffusioncoefficientscalculatedaccordingtoatheoreticalinterdiffusionmodelfor

ioniccrystals.





Chapter2

AlkaliFeldspars

Mostfeldsparspertaintoaternarysolidsolutionseriesbetweenthethreeend-members

anorthite(CaAl2Si2O8),albite(NaAlSi3O8)andorthoclase(KAlSi3O8
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Thealkalifeldsparscomprisethesolidsolutionseriesbetweenalbiteandorthoclase.

Figure2.1:TernarydiagramAn-Ab-Or;athightemperaturesasolidsolutionbe-
tweenthealkalifeldsparscanexist,withdecreasingtemperaturethemiscibilitygap
intheternarysystembroadens;modifiedafterSpear(1993)

Alkalifeldsparsformasolidsolutionathightemperatures,butpossessamiscibility

gapwhichwidenswithdecreasingtemperature(figure2.2). Thisleadstoseparation

offeldsparswithintermediatecompositionsintoaK-richandNa-richphaseatlower

temperatures.Thisexsolutioncanoccuronavarietyofscales,formingsubmicroscopic

cryptoperthites,microperthitesvisiblewithamicroscope,ormacroperthitesvisibleto

thenakedeye(Deeretal.,2001).
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Figure2.2:T-Xdiagramofalkalifeldspars:athightemperaturesthealkali
feldsparsarecompletelymiscible,withdecreasingtemperaturesthemiscibilitygap
widens.ForNa-richfeldsparsthespacegroupchangesfrommonoclinicC2/mtotri-
clinicC̄1;phases: MA-monalbite,HA-highalbite,IA-intermediatealbite,LA-
lowalbite,HS-highsanidine,LS-lowsanidine,IM-intermediatemicrocline,LM-
lowmicrocline;modifiedafterDeeretal.(2001)

Feldsparsareframeworksilicatesandhaveperfectcleavagesonthe(001)and(010)

planes. The mainbuildingblocksofthefeldsparframeworkaretwotypesoffour-

memberedringsofcorner-shared AlO3−4 -andSiO
4−
4 -tetrahedra. Onetypeofthese

ringsisorientedroughlynormaltothea-axis,theotherroughlynormaltotheb-axisof

thecrystal(figure2.3).

Theringsparalleltothea-axisarebuiltupbytwopairsofnon-equivalenttetrahedra,

T1andT2.ThetetrahedralsitescaneitherbeoccupiedbySi
4+orAl3+.Theproportion

ofthesesitesoccupiedbyAlgivesthedegreeoforderandisdesignatedwithalower

caset.Formonoclinicfeldsparsthedegreeoforderiscalculatedas:

t1−t2

t1+t2
(2.1)

Oneofthetetrahedrapairsispointingupwhiletheotherpointsdown.Thedownward

pointingverticesareconnectedtotheupwardpointingverticesofthenextringalong

thea-axis. Thuseveryringisconnectedtoequivalentringsaboveandbelow,which

leadstotheformationofthesecondtypeofringparalleltotheb-axis(Taylor,1933).

Thesecontinuouschainsoftetrahedronringsformcrankshaft-likestructuresparallelto

thea-axis(figures2.4and2.5).
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Figure 2.3:Four-membered rings of corner-sharedAlO4- andSiO4-tetrahedra: one
type of ring is oriented normal to thea-axis (top) while the other is normal to the
b-axis (bottom); actual depiction of the crystal structure (left) created with Diamond
using data for low sanidine by Phillips and Ribbe (1973) and schematic represen-
tation (right) with white circles indicating upwards-pointing, and dark grey circles
downwards-pointing tetrahedra

The crankshaft chains are further corner-shared parallel to theb- andc-axes. Two

different larger building units, made up of crankshaft chains interconnected through

shared oxygen atoms, can be distinguished.

In monoclinic feldspars the crankshaft chains connect in a mirror relation parallel to

(010) and two-fold rotation axes normal tobat14band
3
4b(Parsons, 1994), forming

sheet-like units of interconnected crankshaft chains parallel to (20̄1) (figure 2.6). The

rings within these sheets are connected by shared oxygen atoms, denotedOA. The sheets

in turn are stacked along thea-axis, the oxygen atoms joining them being denotedOB

(figure 2.6).

Crankshaft chains are linked through adjacentOB atoms in theb-direction, creating

another sheet-like unit of connected crankshaft-like chains. These sheets are stacked

parallel toc∗and connected byOAatoms in this direction. TheOAatoms are located

on the two-fold axes normal tobwhile theOAatoms are located on the mirror planes

parallel to (010) (figure 2.7).

On the basis of these sheet-like units of crankshaft chains connected by shared oxygen

atoms parallel tobandc∗, it is possible to explain the perfect (010) and (001) cleavage

planes.
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Figure 2.4:Crankshaft-like chains extending parallel to thea-direction are formed
by alternating corner-shared tetrahedra rings; modified after Taylor (1933)

a

b

c 2-O
4+ 3+Si , Al

Figure 2.5:Every four-member ring oriented parallel toais connected to adjacent
equivalent rings forming nearly co-planar rings normal tob; created with Diamond
using data for low sanidine by Phillips and Ribbe (1973)

Large irregular cavities form between the interconnected chains (figure 2.8). These

cavities in the tetrahedral framework are occupied by the Na+ and K+ cations with

minor substitution by Rb+, Ba2+and Ca2+(Ribbe, 1983). Feldspars with significant

Ba-content, termed Celsian (BaAl2Si2O8), are very uncommon in nature, however, they

can constitute a component in potassium-rich feldspars.

In some crystallographic directions the large cavities form channel-like structures that

can ease movement of the large cations through the crystal. The largest of these channels

exist parallel to [101] (figure 2.9), while the smallest are found in the direction 90◦from

[101] rotated around theb-axis, which is approximately [10̄2] (figure 2.10). Along the

b-axis, which is one of the main directions examined in this study, the channels are of

intermediate size (figure 2.11).
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Figure 2.6:Crankshaft-like chains related by symmetry elements (m - mirror plane,
arrows - two-fold rotation axes) form sheets parallel to thea-axis, projection on
(20̄1) seen alonga; created with Diamond using data for low sanidine by Phillips and
Ribbe (1973)
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c* b

m m m

T1
T2

Figure 2.7:Crankshaft-like chains related by symmetry elements (m - mirror plane,
arrows - two-fold rotation axes) form sheets parallel to thec∗-axis; modified after
Ribbe (1983)

Incorporation of differently sized cations is mainly accommodated by the stretch of the

crankshaft-like chains parallel to thea-axis (Petrovíc, 1972; Angel et al., 2012). This

leads to a pronounced anisotropy of the composition dependence of the lattice parameters

(figure 2.12), which is about five times higher in thea-direction than in theb- andc-

directions (Kroll et al., 1986; Angel et al., 2012). Thus any compositional heterogeneity
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Figure 2.8:The big cations are located in large irregular cavities in the feldspar
structure formed by the interconnected crankshaft-like chains; created with Diamond
using data for low sanidine by Phillips and Ribbe (1973)

b

c
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2-O
4+ 3+Si , Al
+K

Figure 2.9:Large channels facilitate the movement of the cations through the
feldspar structure, the largest channels are found along [101]; created with Diamond
using data for low sanidine by Phillips and Ribbe (1973)

in alkali feldspar causes coherency stress.

The structural state and degree of Al/Si-ordering on the tetrahedral sites of feldspar are

dependent on the temperature of crystallization and the thermal history it was subjected

to (Deer et al., 2001). The simplest feldspar structure is that of sanidine (KAlSi3O8)

with a monoclinic symmetry of C2/m, which was first described by Taylor (1933). To
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b
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2-O
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K

Figure 2.10:Along [10̄2] the channels are smallest, making the structure almost
impassable for cations in this direction; created with Diamond using data for low
sanidine by Phillips and Ribbe (1973)

a

c

2-O
4+ 3+Si , Al
+K

Figure 2.11:Channels along theb-axis of the feldspar structure are of intermediate
size; created with Diamond using data for low sanidine by Phillips and Ribbe (1973)

fully describe a feldspar, the symmetry and Al/Si- order have to be known as well as

the chemical composition.

For K-rich feldspars low sanidine (fully disordered, monoclinic), orthoclase (pseudo mon-

oclinic), intermediate and low microcline (fully ordered, triclinic) are distinguished.

Sodium-rich feldspars are differentiated between monalbite (fully disordered, mono-

clinic), analbite (partially ordered) as well as high (disordered, triclinic), intermediate
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Figure2.12:Compositiondependenceofthelatticeparametersinalkalifeldspar;
modifiedafterKrolletal.(1986)

(intermediatedisorder,triclinic)andlowalbite(fullyordered,triclinic)(Deeretal.,

2001). AnotherfactoraffectingthesymmetryasidefromthepositionsofAlandSi

inthetetrahedraisthesizeoftheincorporatedcations. TheK+-cationisconsider-

ablylargerthantheNa+cation,theirionicradiibeing1.59̊Aand1.25Å,respectively

(OkruschandMatthes,2009). WhilethelargerK+hassufficientsizetokeepupamono-

clinictetrahedralframework,thenetworkcollapsesaroundthesmallerNa+.However,at

highertemperaturestheeffectiveradiusoftheNa+cationisincreasedbytheincreased

oscillationfrequencysothatthelatticebecomesmonoclinic.Thisiswhatleadstothe

symmetrychangeindicatedinthephasediagraminfigure2.2.Thedifferentionicradii

alsoaccountforthemiscibilitygap.ThecapacityforincorporatingthelargerK+into

thesmallerlatticeofsodium-richalkalifeldspardecreaseswithdecreasingtemperature

andviceversa.

IncontrasttoAlandSiinthetetrahedra,thecationsarecoordinatedtomoreoxygen

atoms(K+nine-fold,Na+six-toseven-fold)andthusthebondstrengthsareweaker.

ThisallowsthecationstobemobileduringdiffusionprocesseswhiletheAl-Si-framework

remainsunchanged.



Chapter3

Diffusion

Diffusionisaprocessbasedonrandomthermallyactivatedmolecularmotionstrans-

portingmatterfromonepartofasystemtoanother.Ingasesandliquidsitisfaster

byseveralordersofmagnitudethaninsolids,whereatomscanleavetheirpositionsin

thelatticeduetothermalexcitationandmovethroughthelatticebywayofcrystal

defects.Thedrivingforcefordiffusionaremacroscopicconcentrationgradientsor,more

commonly,chemicalpotentialgradients.Verygoodcoverageofthetopiccanbefound

inManning(1968),Crank(1975),Mehrer(2007)andZhang(2010),whichwerealsothe

mainsourcesusedforthefollowingshortoverview.

3.1 Diffusion Mechanisms

Diffusionincrystallinesolidsoccursbyatomicjumpsthroughthelattice.Therateof

diffusiondependsonthesizeandchargeofthediffusingspecies,aswellasthesites

availableinthecrystallattice.Tomovefromonesitetothenextamovingatomneeds

tobreakbondswithneighbours,anddistortsthelatticeinpassing. Thusstructure,

symmetryandbondstrengthsaredefiningfactors(Zhang,2010).

Defectsofthelatticeplayanimportantroleindiffusion.Inanidealcrystalwithno

defectseach movementofanatomwouldcauseasignificantincreaseinenergyand

thusbeunfavourable. Pointdefects,especiallyvacancies,facilitatethemovementas

theycreatepositionstheatomscanoccupy.Specialtypesofpointdefectsintroducing

vacanciestomaintainchargeneutralityareFrenkeldefectsthatconsistofaninterstitial

andavacancy,andSchottkydefectsthatconsistofapairofvacancieswhereapositively

chargedandnegativelychargedionofthelatticeis missingrespectively. Although

extendeddefectssuchaslinedefects,domainboundaries,andgrainboundariesgenerally

13
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arenotasimportantaspointdefectsinmediatingdiffusion,theycanneverthelesscreate

fastpathwaysfordiffusionastheyrepresentlessstrictlyordereddomainsinthecrystal,

whichoftenhaveadilatedlattice.

Themovementofsingleatomsintheabsenceofdrivingforcesismoreorlessrandom

andhasnopreferreddirection. Macroscopicdiffusionisachievedbyalargenumberof

atomicjumpsexecutedbythediffusingparticles. Latticesitesrepresentlocalenergy

minimainwhichtheatomsarelocated. Theyvibratewithacertainfrequencywhich

isusuallynothighenoughtoovercometheenergybarrierneededtoleavetheirsite

andjumptoaneighbouringvacancyorinterstitialsite. Rarely,randomfluctuations

willallowthefrequencyofthevibrationtobecomelargeenoughandresultintheatom

movingfromitsoldpositiontoanewsite. Afterthejumpitreturnstooscillatingin

itsnewsitebeforeanewfluctuationallowsittoleaveagain. Asthedirectionofeach

jumpisrandom,thenumberofjumpsgivesnoinformationabouttheabsolutedistance

theatomhasmovedfromitsoriginalposition,soitsmeansquaredisplacementR2 is

considered:

R2 =X2+Y2+Z2 (3.1)

withX,Y andZbeingthecomponentsofthemovementalongthemainaxesofthe

coordinatesystem.Severaldiffusionmechanismscanbediscernedontheatomicscale.

Themostimportantonestobeconsideredinthescopeofthisstudywillbedescribed

inthefollowing.

DirectInterstitial Mechanism

Thedirectinterstitialmechanismismostlyrelevantforsmallatomsthatcanmovefrom

oneinterstitialpositiontothenextwithoutcausingtooseveredistortionsofthehost

lattice. Theymovefromanequilibriumpositiononaninterstitialsitetoanadjacent

one(figure3.1).Intheprocesstheneighbouringatomsofthehostlatticehaveto

beslightlydisplacedtomakeroomforthemovingatom. However,thisdistortionis

notpermanent. Thediffusingatomneveroccupiesaregularlatticesitewhichmakes

thisdiffusion mechanismindependentoflatticedefects,andfastcomparedtoother

mechanisms.
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Figure3.1:Directinterstitialmechanismofatomicmovementinacrystallattice;
modifiedafterMehrer(2007)

IndirectInterstitial Mechanism

Theindirectinterstitialmechanism,orinterstitialcymechanism,mainlyconcernsatoms

thathaveroughlythesamesizeasatomsofthematrix.Itconsistsofacoupledmove-

mentoftwoatoms;oneatomlocatedonaninterstitialsitemovestoaregularlattice

sitewhiletheatomoccupyingthispositionmovesintotheinterstitiallattice(figure

3.2).Incontrasttothedirectinterstitialmechanismaspecificatomwillnotmoveover

largedistancesthroughthelatticethoughtheoveralldiffusivityachievedbythesetwo

mechanismsiscomparable.

Figure3.2:Indirectinterstitialmechanismofatomicmovementinacrystallattice;
modifiedafterMehrer(2007)

Vacancy Mechanism

Asthenamesuggeststhevacancy mechanismisdependentontheconcentrationof

vacanciesinthelattice,whicharethemostimportantformofthermallyinducedatomic

pointdefectinioniccrystals(Mehrer,2007). Theconcentrationofvacanciescvina

crystalis

cv=exp(−
Gfv
kbT
) (3.2)
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withGfv

V V

beingtheGibbsfreeenergyofvacancyformation. Anatommovingbythis

mechanismjumpsintoaneighbouringvacancy;aftertheexchangetheatomandvacancy

willmoveinoppositedirections(figure3.3).

Figure3.3:Vacancymechanismofatomicmovementinacrystallattice;modified
afterMehrer(2007)

3.2 Fick’sLawsofDiffusion

Diffusionwasfirstquantitativelydescribedin1855byFick(Fick,1855),whoadapted

themathematicalequationforheatconduction,derivedaboutthirtyyearsearlierby

Fourier,assumingthatinisotropicsubstancestherateoftransferofadiffusingsubstance

throughaunitareaisproportionaltotheconcentrationgradientnormaltothesection.

ThusforafluxinonedimensioninanisotropicmediumFick’sfirstlawcanbewritten

as:

Jx=−D
∂c

∂x
(3.3)

whereJxisthefluxofparticlesthroughtheunitarea,ctheconcentrationofthediffusing

particlesandxthedistancemeasurednormaltothesection.Disaproportionality

constantwiththeunit[m
2

s],calledthediffusioncoefficient.Thenegativesignensures

thatdiffusiontakesplaceintheoppositedirectionoftheconcentrationgradientwhen

Dispositive.

Todescribediffusioninthreedimensionsthevectornotationisemployed:

J(x,t)=−D∇c(x,t) (3.4)

with∇c(x,t)=
∂cx
∂x
+
∂cy
∂y
+
∂cz
∂z
.
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Equations3.3and3.4arethegeneralformsofFick’sfirstlaw.Totakeaspectssuchas

compositiondependenceofthediffusioncoefficientordiffusionanisotropyintoaccount

Dhastobeexpressedaccordingly,e.g.asasecondranktensorinthecaseofdiffusion

inanisotropicmedia(seesection3.4).

Iftherearenosinksorsourcesforthediffusingsubstanceitcanbeassumedthatthe

numberofdiffusingparticlesstaysconstantsothat:

∂c(x,t)

∂t
=−∇·J(x,t) (3.5)

whichisknownasthecontinuityequation.

Combiningthecontinuityequation(eq.3.5)andFick’sfirstlaw(eq.3.4)givesFick’s

secondlaw,whichisalsocalledthediffusionequation. Thesolutionofthisequation

givestherelationofconcentrationtospaceandtime:

∂c(x,t)

∂t
=−∇·(−D∇c(x,t)). (3.6)

Equation3.6isasecond-orderpartialdifferentialequationintimeandspace.Tosolve

thiskindofequation,initialandboundaryconditionshavetobedefined;thesolution

allowsapredictiononhowaninitialconcentrationdistributionchangesasdiffusion

progresses.

3.3 TypesofDiffusion

Onafirstlevel,grainboundaryandvolumediffusioncanbedistinguished. Volume

diffusiontakesplaceintheinteriorofaphasewhile,asthenamesuggests,boundary

diffusionoccursalonginterphaseinterfaces. Duetothehighconcentrationofdefects

andmoreopencrystalstructureusuallyassociatedwithboundaries,grainboundary

diffusionisoftenmuchfasterthanvolumediffusion.Thisisespeciallyrelevantatlow

temperaturesastheconcentrationofpointdefects,necessaryforseveralofthevolume

diffusionmechanisms,decreaseswithdecreasingtemperature.Further,thecompatibility

ofthediffusingspeciesisalimitingfactorandhastobetakenintoaccount.

Inthecaseofvolumediffusionvariousdiffusioncoefficientscanbedefined,astheexact

formofthediffusioncoefficientvariesdependingonthedrivingforcespresent,aswell

asonthenatureofthediffusingspecies.Thetermdrivingforceisheredefinedasany

processinfluencingthejumpsofindividualatomsandincludesthermodynamicdriving
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forceslikechemicalpotentialgradients. Thepresenceofadrivingforceaddsadrift

velocity ν tothemovementofeveryatomandcontributesatermcν totheatom

flux(Manning,1968).Thusthediffusionequationbecomes:

Jx=−D
∂c

∂x
+cν (3.7)

Thenomenclatureofthevariouskindsofdiffusionandtypesofdiffusioncoefficients

oftendiffersfromauthortoauthor. Thedefinitionsusedinthefollowingaremainly

basedonthedefinitionsgivenby Manning(1968)andZhang(2010)andmaynotbe

identicalwithdefinitionsfoundinothersources.

Themostbasicdiffusioncoefficientthatcanbedefinedistheself-diffusioncoefficient.It

describesdiffusionofatomsoftheexactsamespeciesintheabsenceofaconcentration

gradient,i.e.ofagradientinchemicalpotentials.Inthiscasetheself-diffusioncoefficient

D∗iofthespeciesiisrelatedtothediffusioncoefficientDiby

D∗i=Di(∂ln(ci)/∂ln(ai)) (3.8)

withabeingtheactivityofspeciesiinthesolutionandcbeingitsconcentration.

Astrueself-diffusioncannotbeobservedduetotheidenticalatomsnotbeingdistin-

guishablefromeachother,experimentsconductedtoquantifyself-diffusioncoefficients

oftenintroduceanisotopictraceranddeterminetheso-calledtracer-diffusioncoefficient,

whichcanbeassumedidenticalinmostcases,aslongastheisotopeeffectisnottoo

pronounced(Everett,1972).

Inthepresenceofaconcentrationgradient,diffusionistermedchemicaldiffusion,which

includesinterdiffusion,multispeciesdiffusion,multicomponentdiffusion andeffective

binarydiffusion. Asinterdiffusionisthemainfocusofthisstudytheothertypesof

diffusionwillonlybediscussedveryshortly.

Multispeciesdiffusiondescribesdiffusionofacomponentthatcanbepresentinmultiple

speciesfoundinthesystem(Mehrer,2007). Multicomponentdiffusioninvolvesthe

diffusivemovementofthreeormorecomponentsinthesystem.Asthiscaseishardto

treat,itisoftensimplifiedbyassumingeffectivebinarydiffusion,wherediffusionofa

componentistreatedasonlybeingdrivenbyitsownconcentrationgradient.Allother

componentsareeithertreatedasasinglecombinedcomponent,ortheireffectonthe

diffusionofthechosencomponentisignored(Mehrer,2007).

Interdiffusiondescribesthecoupledmovementofagivenpairofspeciesthatmovein

oppositedirectionsdrivenbyopposingconcentrationgradients,theirrateofmovement
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dependingonthediffusionratesofbothspecies(Manning,1968). Aspecialcaseof

interdiffusionisbinarydiffusionwhichstrictlyreferstointerdiffusioninabinarysystem

(Zhang,2010).

Theinterdiffusioncoefficientisdependentontheself-diffusioncoefficientsoftheseparate

diffusingspecies.Ifthesystemapproachesthepurecompositionofoneofitsend-

members,theself-diffusionofthediffusingspecieswiththelowerconcentrationisrate

limiting.

Therearetwomodelsforthisrelation.Forneutralatomicinterdiffusion,asoftenfound

inmetals,theDarkenequation(Darken,1948)isused,whileforionicinterdiffusion

betweenisovalentions,whichisthefocusinthiswork,theNernst-Planckrelationis

relevant.Tounderstandthesemodels,theconceptoftheintrinsicdiffusioncoefficient

DIneedstobeconsideredfirst.Itdescribesfluxesinasysteminreferencetoaco-

movingreferenceframeaffixedtoapointinthelattice,asotherwiseunequaldiffusion

coefficientsofdifferentspeciesinasystemwouldleadtorelativemovementofthelattice

plains.

Ifthedrivingforceofdiffusionisproportionaltoaconcentrationgradient
∂c

∂x
,equation

3.7canbewrittenas

Ji=D
I
i(
∂ci
∂x
) (3.9)

with

DIi=D
∗
i−

ciν

(∂ci/∂x)
. (3.10)

DIiistheintrinsicdiffusioncoefficientofthespeciesi,andthesubscriptiontheother

quantitiesindicatesthatonlythecontributionofthisspeciesisconsidered.Drivingforces

proportionaltoaconcentrationgradientarisefromdiffusionpotentialsinioniccrystals

ornon-idealthermodynamicmixing(Manning,1968). Tosimplifytheconsiderations,

anidealsolutioncanbeassumedsothatnon-idealrelationsbetweenconcentrationand

chemicalpotentialcanberuledout.

Inthecaseofneutralatomicinterdiffusion,asfoundinmetalswhereanabundanceof

highlymobileelectronscanbeassumedtobalanceanyfluctuationsinelectriccharge,

theDarkenequationisvalidtodescribetheinterdiffusioncoefficient.

D=(XBD
∗
A+XaD

∗
B) (3.11)

whereXAandXBarethemoleconcentrationsofthediffusingspeciesAandBandD
∗
A

andD∗Btheirself-diffusioncoefficients.
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Ifanioniccrystalisconsidered,chargeneutralitycannotbeaseasilymaintained;here

thenetfluxofelectricchargemustequalzero.Thefollowingassumesanioniccrystal

whereanionsremainfixedinpositionandalldiffusionoccursbyavacancymechanism

onthecationsublattice.Thefluxesofthetwoseparatediffusingspeciescanbeexpressed

intermsoftheintrinsicdiffusioncoefficients:

JA=D
I
A(
∂cA
∂x
) (3.12)

and

JB=D
I
B(
∂cB
∂x
) (3.13)

Intheabsenceofdrivingforcestheintrinsicdiffusioncoefficientsareequaltotheself-

diffusioncoefficients,DIA=D
∗
AandD

I
B=D

∗
B.Asbinarydiffusionisconsidered,theflux

ofonespecieshastoequalthefluxoftheotherwithoppositesign,astheyoccurin

opposingdirections:

JA=−JB (3.14)

andaccordingly

∂cA
∂x
=−
∂cB
∂x
. (3.15)

Iftheself-diffusioncoefficientsofthespeciesarenotequal,anetfluxofcationswould

beexpectedas

JA+JB=(D
∗
B−D

∗
A)(
∂cA
∂x
)=0. (3.16)

However,aschargeneutralityhastobemaintained,andthusthenetfluxofelectric

chargehasttoequalzero,thenetfluxofcationshastoequalzeroaswell,ifbothspecies

havethesamechargeq:

JA+JB=0. (3.17)

ThisisachievedbyanelectricfieldEd,whichisjustlargeenoughtomakethecation

fluxequalzeroandfunctionsasadrivingforceqEd.Analogoustoequation3.7weget

JA=−D
∗
A(
∂cA
∂x
)+qEdD

∗
Aca/kT (3.18)

and

JB=+D
∗
B(
∂cA
∂x
)+qEdD

∗
BcB/kT. (3.19)
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Assumingequation3.17andsolvingforEdshowsthatthedrivingforceisproportional

totheconcentrationgradient.Fortheatomfluxthesameassumptionleadsto

JA=−JB=
D∗AD

∗
B

XAD∗A+XBD
∗
B

∂cA
∂x
. (3.20)

whereXAandXBarethemolefractionsoftherespectivespecies.Theintrinsicdiffusion

coefficientisthecoefficientof−
∂cA
∂x
,thus

DIA=
D∗AD

∗
B

XAD∗A+XBD
∗
B

. (3.21)

Ifnon-idealsolutionsaretobetakenintoaccountathermodynamictermhastobe

added.Also,aslongasthevelocityoflatticeplaneswithinthecrystalisassumedzero,

theintrinsicandinterdiffusioncoefficientareequalandweget:

D=
D∗AD

∗
B

XAD∗A+XBD
∗
B

·[1+
∂lnγB
∂lnXB

] (3.22)

whichisreferredtoastheNernst-Planck-or,lessfrequently,theManningequation.

3.4 DiffusioninAnisotropic Materials

Inanisotropicmaterials,suchasmonoclinicfeldspars,diffusionisgenerallydirection-

dependent.Inthiscasethediffusioncoefficientisnotascalarbuthastobeexpressed

asasecondranktensor:

D=







D11 D12 D13

D21 D22 D23

D31 D32 D33.





 (3.23)

ItfollowsfromOnsager’sreciprocityrelations(Onsager,1931)thatthetensorissymmet-

rical.Itcanfurtherbesimplifiedbyconsideringthesymmetryofthematerialdiffusion

istakingplacein.Formonoclinicfeldsparsitbecomes

D=







D11 0 D13

0 D22 0

D31 0 D33.





 (3.24)
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ifthey-axisischosenalongtheb-directionandthetwootheraxesastwomutually

perpendiculardirectionsinthea-c-planeofthefeldspar. Thusmeasurementsinfour

differentcrystallographicdirectionsarenecessarytodeterminethefulldiffusivitytensor.

Threeorthogonaldirectionsx1,x2,x3canbedefinedalongwhichthefluxisonlydepen-

dentontheconcentrationgradient;thesearetheprincipleaxesofdiffusivitytensor.

jxi=−Di
∂c

∂xi
(3.25)

withistandingforoneofthethreemaindirectionsandDibeingthediffusioncoefficient

alongthisaxis.Diffusionalonganarbitrarydirectionκcanbeexpressedas:

jκ=−Dκ
∂c

∂κ
(3.26)

withDκbeingDκ=D1cos
2θ1+D2cos

2θ2+D3cos
2θ3andθ1,θ2andθ3beingtheangles

betweenthearbitrarydirectionandthethreemainaxes.

3.5 SolutionoftheDiffusionEquationforaDiffusionCou-

ple

SolutionstotheDiffusionequationcanbedividedincaseswithsteady-statediffusion,

andnon-steady-state,i.e.transient,diffusion.Inthecaseofsteady-statediffusion

concentrationstaysconstantwithtime

∂c

∂t
=0. (3.27)

Fortransientdiffusionconcentrationchangeswithtime;thenatureofthechangedepends

ontheinitialdistributionofthediffusingspeciesandthegeometryofthesystem. A

typicalexampleoftransientdiffusionwithanextendedinitialdistributionisadiffusion

couple. Twosemi-infinitebodieswithdifferentconcentrationsofthediffusingspecies

arebroughtintocontactatflat,polishedsurfaces. Thisgeometryisoftenusedin

experimentalset-upstodeterminediffusioncoefficients,asitapproximatesproblems

foundinnaturequitewell.Theinitialdistributionofthediffusingspeciesatthetime

t=0isc=c0forx<0andc=0forx>0wherec0istheinitialconcentrationofthe

diffusingspeciesinoneofthebodiesandx=0isthepositionoftheinterfacebetween

them.
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Ifthediffusioncoefficientisconstant

c(x,t)=
c0
2
erfc(

x

2
√
Dt
) (3.28)

isasolutionofequation3.6,whichtakestheinitialandboundaryconditionsmentioned

earlierintoaccount.Inthiscasethediffusionprofilecanbefittedwithanerrorfunction.

Thecomplementaryerrorfunctionerfc(x)isdefinedas:

erfc(x)=1−erf(x)=
2
√
π

∞

x
e−t

2
dt. (3.29)

Ifitisassumedthattheconcentrationattheinterfacestaysconstant,e.g.ifoneof

thehalvesisreplacedbya meltwithconstantconcentrationwhichfunctionsasan

inexhaustiblesourceofthediffusingspecies,c0isreplacedbycsandequation3.28

becomes

c(x,t)=cserfc(
x

2
√
Dt
) (3.30)

wherecsisthefixedconcentrationassumedattheinterface.Itmustbenotedthat

solutions3.28and3.30areonlyvalidifD =const.IfDiscompositiondependent,

Boltzmann’stransformationcanbeappliedtodiffusionininfiniteorsemi-infiniteme-

dia,andallowsthetransformationofapartialdifferentialequationtoananalytically

solvableordinarydifferentialequationbyintroducingBoltzmann’svariable.Adetailed

descriptionofthismethodisgiveninthefollowingsection.

3.6 Boltzmann-Matano Method

Boltzmann’sTransformation

Theone-dimensionalFick’slawwithadiffusioncoefficientDdependingontheconcen-

trationcis:

∂c

∂t
=
∂

∂x
D(c)

∂c

∂x
, (3.31)

wheretistimeandxdistance.Inthisequation,theconcentrationisafunctionoftand

xandthuscactuallystandsforc(t,x).
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Inthispartialdifferentialequation(3.31),boththetimevariabletandspacevariables

xareindependent, makingthisequationdifficulttosolveanalytically.Inorderto

simplifytheexpressionBoltzmann’stransformationisapplied,whichtransformsthe

partialdifferentialequationintoanordinarydifferentialequation.

Thevariableηisintroducedwhichcomprisesbothxandt:

η=
x

2
√
t
. (3.32)

Thepartialderivativesofηare

∂η

∂t
=−

η

2t
, (3.33)

and
∂η

∂x
=
1

2
√
t
. (3.34)

Thisvariablecanthenbeintroducedintoequation3.31byexpressingthepartialderiva-

tiveswithrespecttotandxasafunctionofηbyusingthechainrule.

Hence,allthepartialderivativesinequation3.31canbeexpressedasfunctionsofη

only:
∂c

∂t
=−

η

2t

∂c

∂η
, (3.35)

∂c

∂x
=
1

2
√
t

∂c

∂η
(3.36)

and

∂

∂x
D(c)

∂c

∂x
=
1

4t

∂

∂η
D(c)

∂c

∂η
. (3.37)

Introducingtheseequationsintoequation3.31yields

−
η

2t

∂c

∂η
=
1

4t

∂

∂η
D(c)

∂c

∂η
, (3.38)

whichcanbesimplifiedas

−2η
dc

dη
=
d

dη
D(c)

dc

dη
. (3.39)

Heretheonlyindependentvariableisηandthepartialdifferentialequationhasbeen

transformedtoanordinarydifferentialequation.
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IntegrationoftheDiffusionEquationforD=D(c)

TypicallyMatano’smethodisappliedincaseswheretwoinfinitemediawithdifferent

initialconcentrationsarebroughtintocontact.TheplaneofcontactiscalledMatano’s

interface.Inthecaseofthestudyathandoneoftheseinfinitemediaisreplacedby

themeltsurroundingthecrystalandweonlytakediffusionintothecrystalitselfinto

accountwhilethemeltcanbeconsideredaperfectsourceandsinkforthediffusing

substancesduetothe40-timesmolarcationexcessappliedintheexperiments. The

feldsparcanbeconsideredasaone-dimensionalsemi-infinitemedium,astheoverallsize

ofthecrystalislargecomparedtothelengthofthediffusionprofiles.Thepositionofthe

boundarybetweencrystalandmeltisx=0.Threeconditionshavetobeconsidered.

Theinitialconditionis

c(t=0,x>0)=cinitial, (3.40)

wherecinitialistheconstantinitialconcentrationofthefeldspar.Theboundarycondi-

tionsoftheexperimentsare

c(t≥0,x=0)=cm, (3.41)

wherecm istheconcentrationofthediffusingsubstanceinthefeldsparinequilibrium

withthemelt,and

c(t≥0,x=+∞)=cinitial (3.42)

whichexpressesthatininfinitedistancefromthe melt-crystalboundary,theinitial

compositionofthefeldsparisretained.

Inordertobeapplicabletoequation3.39theseboundaryconditionshavetobeexpressed

intermsofBoltzmann’svariableη.

Usingthedefinitionofη,theinitialcondition(3.40)becomes

c(η→+∞)=cm, (3.43)

andtheboundaryconditions(3.41and3.42)become

c(η=0)=cm (3.44)

and

c(η=+∞)=cm. (3.45)
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Itisimmediatelyapparentthat3.43and3.45areidentical.ThusapplyingBoltzmann’s

transformationleadstomergingoftheinitialandoneoftheboundaryconditionsso

thatonlytwoboundaryconditionshavetobetakenintoaccount.

Equation3.39isintegratedfromη=+∞ toagenericηandsimplified:

−2
η=η

η=+∞
ηdc= D(c)

dc

dη

η=η

η=+∞

. (3.46)

Fromthisitcanbederivedthatcshouldbeusedastheintegrationvariableandthe

newlowerboundoftheintegrationisgivenbyequations3.43and3.44:c=cinitial,

forη=+∞. Theupperboundaryischangedfromη=η toc=c. Theresulting

integralisfurthersimplifiedbyapplyingtheboundaryconditions,whichindicatesthat

theprofileisflatateitherendandthusD(c)dc/dη=0forc=cf:

−2
c=c

c=cinitial

ηdc = D(c)
dc

dηc=c
. (3.47)

Thetimeandspacevariablesarethenreintroducedusingthedefinitionforη. Asthe

interdiffusioncoefficientistobedeterminedfromexperimentswithknownrundurations

wecanconsidertasaconstantwhichcanbedrawnoutoftheintegrals. Thisyields

thefollowingequation,whichallowsthecalculationoftheinterdiffusioncoefficientata

specificcomposition:

D(c)=−
1

2t

dx

dcc

c

cinitial

xdc. (3.48)

Allpartsofthisequationcanbedirectlydeterminedfromthemeasureddiffusionprofiles.

However,asinthisequationthedistanceisdependentontheconcentration,theaxes

ofthemeasureddatahavetobeswitched. Thenthefirstpartoftheequationequals

theslopeofthemeasuredprofileatthecompositionofinterestandthesecondpartthe

areaunderthecurveinthecompositionintervalbetweentheinitialcompositionofthe

feldsparandthecompositionconsideredinthecalculation.

3.7 TemperatureandPressureDependenceofDiffusion

Diffusiondependsstronglyontemperature.Forlowtemperaturesitisveryslowwhileit

becomesexponentiallyfasterwithincreasingtemperature.Thepressuredependencein
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contrastisonlyminorwithinthepressurerangesaccessibleinlaboratoryexperiments.

TemperaturedependenceofdiffusivitiesisdescribedbytheArrheniusrelation

D=D0exp(−
EA
RT
) (3.49)

withD0beingthepre-exponentialfactor,EAtheactivationenergyandTthetempera-

tureinKelvin.Itfollowsfromequation3.49thatthelogarithmofthediffusivityplotted

against1/Tisastraightlinewithnegativeslope.Theslopeisproportionaltheactivation

energyandtheaxisinterceptwiththey-axisisproportionaltoD0.Thestrongtemper-

aturedependencecanbeexplainedbydifferentfactors. Ontheonehandthenumber

ofvacanciesriseswithincreasingtemperature.Ontheotherhandthefrequencyofthe

oscillationofthesingleatomsrises, makingitmorelikelyforthemtoovercomethe

energybarrierforjumpsbetweenlatticepositions.Therateνforasuccessfuljumpis

givenby

ν=ν0exp(−
Gm
kBT

). (3.50)

Thefrequencyν0istheso-calledattemptfrequencywhichisthevibrationaroundthe

equilibriumpositiontowardsthedirectioninwhichthejumpwilloccur.GmistheGibbs

freeenergyofmigrationandcanbedescribedasthedifferenceinenergybetweenthe

twostablepositionsandthehigherenergyneededtodisplacetheneighbouringatoms

duringthejumpbetweenthem.

ThepressuredependenceofdiffusionisduetotheGibbsfreeenergyofactivationvarying

withpressureaccordingto

∆G=∆H−T∆S=∆E−T∆S+p∆V. (3.51)

where∆Eisthechangeininternalenergywhichisidenticalwiththeactivationenergy

andpthehydrostaticpressure.∆Vistheactivationvolumeofdiffusion:

∆V=(
∂∆G

∂p
)T. (3.52)

Athighpressuresthetermp∆Vcanbesignificant. Atambientpressureitismostly

negligiblefordiffusioninsolids.





Chapter4

StateofResearch

Anumberofstudieshavebeenconductedinthepastinvestigatingdiffusioninfeldspars.

Inthefollowingashortoverviewoverexistingresultsisgiven,withfocusonthosestudies

whichhaveinvestigateddiffusionofsodiumandpotassiuminalkalifeldspars.

4.1 Tracer-Diffusion

Self-diffusionisdefinedasthediffusionofonespeciesofatomswhenthechemicalgra-

dientequalszero. Asitisimpossibletodiscernbetweentwoidenticalatomsofone

species,tracer-diffusioncoefficientshavetobedeterminedinstead,usingtracerisotopes.

Forbothsodiumandpotassiumdifferentradioactiveisotopescanbeusedastracers.

However,experimentalprocedurescanbedifficultinsomecasesduetotheirhalf-life,

especiallyforpotassium.Toavoidthis,stableisotopescouldbeused,butthefactthat

thesealreadyhaveaninitialconcentrationinthesamplematerialmightimpairthe

qualityoftheanalysis.Forsodiumtheisotopes22Na(t1/2∼2.6a)(Bailey,1971;Lin

andYund,1972;Foland,1974;Kasper,1975)and24Na(t1/2∼14.6h)(Sippel,1963;

Bailey,1971)havebeenused.Forpotassiumfewerstudieshavebeenconductedusing

40K(t1/2∼1.25x109a)(LinandYund,1972)and41K(stable)(Foland,1974).

Severalmethodscanbeemployedtodeterminethetracer-diffusioncoefficient.Earlier

studiesusedthesectioningmethod(Sippel,1963;Bailey,1971),electricalconductivity

(Maury,1968)orbulkexchangemethods(Bailey,1971;LinandYund,1972;Foland,

1974;Gilettietal.,1974;Kasper,1975)todeterminethemdirectlyorcalculatedthem

frominterdiffusioncoefficients(Petrovíc,1972).Someofthesearemoreaccuratethan

others;theyare,however,alllimitedbythequalityofthestartingmaterialavailable.

Inordertodeterminejusttheinfluenceoftracer-diffusionitisrequiredthatthechange

inchemistryisminimalduringtheexperimentalprocedure(Gilettietal.,1974).

29
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4.1.1 Sectioning Method

Thebasicprincipleofthesectioningmethodistocreateathinsurfacelayercontaining

theradioactivetracerelementonthesurfaceofthesamplewhichisthenannealedat

thedesiredtemperature. Afterwardsthesurfaceisgroundoffinconsecutivestepsof

acontrolledthickness,andeithertheactivityinthegroundoffmaterial(Sippel,1963)

ortheremainingsolid(Bailey,1971)ismeasured.Bothauthorsused24Naasisotope

tracer.

Sippel(1963)usedalbite,microclineandorthoclaseasstartingmaterials. Thetracer

isotopeusedwas24Na(t1/2∼14.6h),whichwasproducedinplacebydeuteronbom-

bardmentofthesurfaceofthedisc-shapedsampleuntilaroughly20µmthicklayerhad

beencreated. Theirradiatedsamplewasthenannealedattemperaturesbetween850

and940◦C.Afterwardsthesurfacelayerwasgroundoffinsteps,andtheactivityofthe

groundoffmaterialmeasuredwithaGeigercounter.

Whilethesectioningmethodcanbeconsideredthemostaccuratewayofdetermining

tracer-diffusioncoefficientsinfeldspartherehavebeenseveralproblemsleadingtoinac-

curaciesintheresultsofthisstudy.Firstly,theexactthicknessoftheirradiatedlayer

couldonlybeestimated;nocorrectionhasbeenappliedforthis.Secondly,thestarting

materialitselfwasnotidealforthiskindofstudyasitcontainedgrainboundariesand

inclusions,andexhibitedcracking,twinningandexsolutionwhichconstituteadditional

pathwaysfordiffusion.

Bailey(1971)deposited22Naastracerisotopebyclampingafilterpaperthathadbeen

dopedwith22NaClagainstpolishedcleavagefracturesofthesamplematerialforan

hour. Afterannealingattemperaturesbetween300and595◦Cthesurfacelayerwas

groundoffandtheactivityremaininginthesolidwasmeasured.

4.1.2 BulkExchange

Forbulkexchangemethods,crushedfeldsparisusedasstartingmaterialandexchanged

withhydrothermalsolutionscontainingthetracerisotope. Afterwardssolutionand

feldsparareseparated,andtheuptakeofthetracerisotopedeterminedbycountingthe

activityofthesamplematerial.Thetracer-diffusioncoefficientsarecalculatedfromthis

dataassumingeitherasphericalorcylindricalmodelfortheshapeoftheseparategrains

inthebulkmaterial.

LinandYund(1972)determinedtracer-diffusioncoefficientsforbothsodiumandpotas-

siumusing22Na and40K astracers. Theirstarting materialwaspure microcline
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perthite,whichwascrushed,sievedandexchangedwithmoltenKClseveraltimesin

ordertohomogenisetheperthiteandcreateapureorthoclase.AnexchangewithNaCl

wasdonetopreparealow-albite.

The40K wasonly1.9%enrichedwhichledtoalowcountingrate,andthusaraised

uncertaintyinthecalculateddiffusioncoefficients. Theactivityof22Nawas much

higher,leadingtothecountingerrorbeingnegligiblecomparedtotheerrorinducedby

theassumedgeometryofthegrainsandtheirvariationinsize.

200mgofthestartingmaterialwereputin200mgofa2molar40KClsolutionand

sealedingoldtubesbeforebeingheatedinacold-sealpressurevessel.Afterannealing

attemperaturesbetween600and800◦Cthesamplewasquenchedandthesaltand

feldsparseparated.Theuptakeof40Kwasdeterminedbycountingtheactivityofthe

feldsparandthediffusioncoefficientscalculatedbasedontheresults. Forsodiuman

analogousprocedurewasexecutedusingthelow-albiteanda22NaClsolution,which

wereannealedat200to600◦C.

Foland(1974)andKasper(1975)usedalmostidenticalmethodstodeterminetheself-

diffusioncoefficientsatdifferentendsofthecompositionspectrum,thusprovidinga

consistentsetofdatathatallowstheinterpolationoftheself-diffusioncoefficientsfor

thewholecompositionrange. TothisendKasperusedalbite(An98.6Or1An0.4)after

Folandhadconductedexperimentswithorthoclase(Or94Ab6).

Thesamplematerialwascarefullychosenandcharacterized.Theequilibriumpartition-

ingwasdeterminedand1-or2-molarchloridesolutionscontainingthetracerisotopes

(41Kand22Na)preparedsuchthatthecompositionofthecrystalstayedconstantduring

exchange.Acarefullyweighedamountofthesamplematerialwasplacedinacapsule

andsealedtogetherwiththehydrothermalsolution,thefluidtosolidratiorangingfrom

0.2to2.0byweight.Thecapsuleswereheatedtotemperaturesbetween500and800◦

forrundurationsrangingfromafewhourstoseveralweeks.Afterwardsboththefluid

andfeldsparwereretrievedandtheuptakeoftracerisotopesmeasured. Mostmea-

surementsweredonebyflamephotometryusingLiinternalstandardsforbothNaand

K.AdditionallysomeK-concentrationsweredeterminedmassspectrometrically. 22Na

activitywasmeasuredbyγ-rayscintillationcounting.

Foland(1974)calculatedthediffusioncoefficientusingbothacylindricalandspherical

modelandpostulatedthatthechoiceofmodelhadanegligibleinfluence.Kasper(1975)

favouredthesphericalmodel;usingamorecomplexmodelgivingabetterfittothe

actualshapeforsomechosenexamples,hedeterminedthatthesphericalmodelleadsto

anoverestimationofthevaluesoftheself-diffusioncoefficientsbyabout25%.
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Petrovíc(1972)suggestedthatunderhydrothermalconditionsthedominatingexchange

mechanismisdissolution-precipitationratherthanvolumediffusionwhentheNa/Kratio

ofthefluidistoofarfromequilibrium.

4.1.3 OtherStudies

GilettiandShanahan(1997)measuredKdiffusioninanAmeliaalbitewithXAb0.985

using41K. Theyappliedadropofaqueoussolutioncontainingthe>85%enriched

tracerisotopeonthecrystalsurface. Differentcrystalorientationswereused,though

mostexperimentswereconductedon(010)facesofthefeldspar.Theamountoftracer

thatremainedonthesurfaceafterevaporationofthesolutionwaschosensothatitcould

beassumedasaninfinitesource.Thecrystalwasthenweldedintoagoldorplatinum

capsuleandheatedtotemperaturesbetween600and1000◦Cforrundurationsbetween

10minutesand6weeks. Mostexperimentswereconductedat1atm. However,one

experimentwasdoneat100MPatoinvestigatetheeffectofpressureondiffusion.Two

experimentswereperformedtoexploretheeffectofwaterpressure.

Afterexchangethesampleswerewashedwithdeionizedwaterinanultrasonicbath

toremovethetraceranddriedat110◦C,beforebeingmountedinepoxyforanalysis

withanionmicroprobe(SIMS).Theytookspecificmeasurestominimizeanapparent

enhancementofthediffusioncoefficientduetomigrationofKduringsputtering,which

isaproblematicaspectofthistechnique. Theerrorfunctionwasusedtoreducethe

dataassumingaconcentration-independentdiffusionrate.

Theyfoundpressureandwaterfugacitytohavenosignificanteffect.Nofurthermention

ismadeofadirectionaldependenceofK-diffusionalthoughdifferentcrystallographicori-

entationswereusedfortheexperiments.Comparisonoftheirresultswithdataobtained

byKasper(1975)showedthattheoldervalueswerehigherbyaboutanorderofmag-

nitude.Thiswasinterpretedasanindicationthatthebulkexchangemethodemployed

byKasperprobablyoverestimatedtheself-diffusioncoefficientseverelyduetoassuming

asphericalgeometryforthefeldspargrains.

Basedontheirresultsandconsiderationoftheionicradiiofthediffusingspecies,they

suggestthatsodiumdiffusesbyaninterstitialandpotassiumbyavacancymechanism.

Wilangowski(2013)conductedexperimentsonNa-tracer-diffusioninsanidineinthe

temperaturerangefrom370to900◦Cusingthesectioningtechniqueandsputtering

method.Gem-qualityfeldsparfromVolkesfeld(Eifel,Germany,XOr0.85)wasprepared

asdiscsof6to8mmdiameterand2to3mmthickness.Thepolishedsurfacesofthe

discscorrespondedtothe(010)or(001)planesoffeldspar.22Nawasusedasradiotracer
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isotope.Itwasdepositedbyplacingadropof22NaClsolutiononthesurfaceand

subsequentlyevaporatingthewater,leavingathinfilmofthetracerisotope.

Thepreparedsamplewasthenannealedinalampovenfor5minutesto3hours.De-

pendingontemperature,andthusthelengthofthediffusionprofiles,thesamplewas

thenground(T≥600◦C)orsputteredusinganionbeam(T<600◦C)toremovelayers

of≥1µmor2nm,respectively.Thematerialofeachlayerwascollectedanditsactivity

measuredbyγ-rayscintillationcounting.Thediffusioncoefficientwasdeterminedfrom

theactivityofthelayers.Theactivitywasplottedagainstpenetrationdepthandthe

curvefittedusingaGaussian-orError-function.

Incontrasttoallolderstudiesdealingwithtracer-diffusion Wilangowski(2013)deter-

minedthetracer-diffusioncoefficientofNainspecificcrystallographicdirections. He

foundaclearanisotropywithNa-tracer-diffusionbeingfasternormalto(001)thannor-

malto(010)atT<800◦C.Forlowtemperaturesheobservedsignificantchangesinthe

diffusionbehaviourwhichheinterpretsasachangeindominantdiffusionmechanism.

4.2 Interdiffusion

Interdiffusiondescribesthediffusionofagivenpairofspeciesthatmoveinopposite

directionsdrivenbyoppositeconcentrationgradients. Theinterdiffusioncoefficientis

thusdependentonthetracer-diffusioncoefficientsoftheseparatediffusingspeciesas

describedbytheNernst-Planckrelation.ForK-Na-interdiffusionitcanbewrittenas

D(XOr)=
D∗K(XOr)D

∗
Na(XOr)

XOrD∗K(XOr)+(1−XOr)D
∗
Na(XOr)

·[1+
∂lnγOr
∂lnXOr

] (4.1)

withD∗NaandD
∗
K beingtheself-diffusioncoefficientsofNaandK,Dtheinterdiffusion

coefficient,andXOrthemolefractionofpotassium,representingthecompositionofthe

feldspar.

Todeterminetheinterdiffusioncoefficientdifferentapproacheshavebeenfollowed.Petrovíc

(1972)exchangedfeldsparwithmoltenNaCl/KClsaltanddeterminedtheinterdiffusion

coefficientbasedonelectronmicroprobemeasurementsacrossthediffusionfrontspropa-

gatingintothestartingmaterial.Christoffersenetal.(1983)conducteddiffusioncouple

experimentswheretheybroughtaK-richandNa-richfeldsparintocontactandmea-

sureddiffusionprofilesacrossthefront.BradyandYund(1983)andHokasonandYund

(1986)usedperthitesasnaturallyoccurringdiffusioncouplesanddeterminedinterdif-

fusionratesfromhomogenisationratesbetweentheexsolutionlamellae.



StateofResearch 34

4.2.1 DiffusionCoupleExperiments

Christoffersen(1982)usedcylindersdrilledfromameliaalbiteandkristallinaadularia

asstartingmaterial.Theendofthecylinderswereground,polishedandbroughtinto

contact.Experimentswereconductedat5and15kbartochecktheinfluenceofpressure

oninterdiffusion.Asnoeffectbeyondabettercontactbetweenthetwocrystalscouldbe

found,themajorityofthefollowingexperimentswereconductedat15kbar.Variations

inwater-contentalsoshowednoeffectwhichisingoodaccordancewithresultsfrom

otherstudies(BradyandYund(1983);Kasper(1975);Foland(1974)). Thediffusion

couplesweresealedinPtcapsulesandannealedat900and1000◦CinamodifiedGrigg’s

apparatusfor5to6days. Afterwardslongitudinalsectionsthroughthecoupleswere

preparedandconcentrationprofilesmeasuredacrossthecontact.

InterdiffusioncoefficientswerecalculatedfromtheconcentrationprofilesusingtheBoltzmann-

Matanomethod,applyingtheequationpublishedbyWagner(1969).Thisequationgives

Dasafunctionofcompositionindependenceoftheinitialcompositionofthehalvesof

thediffusioncouples,theconcentrationdifferencebetweenthecouple,themolarvolume,

timeandthedistancefromtheinterface.

SnowandKidman(1991)investigatedtheeffectsoffluorineoninterdiffusionratesusing

thesamestartingmaterialsasChristoffersenetal.(1983).Thedrilledcrystalcylinders

werebroughtintocontactandboundtogetherinagoldtubeorbyplatinumwirebefore

beingsealedinanoblemetaltubetogetherwithafluorinebuffer.Experimentsweredone

at600to800◦Cfor2to24days.Theyfoundthat,comparedtotheinterdiffusiondata

byChristoffersenetal.(1983),interdiffusionrateswerealreadysignificantlyincreased

atrelativelylowfluorinefugacities.

Petrovíc(1972)usedsinglecrystalsoflowalbite(Ab100andAb96Or2An2)andadularia

(Or86Ab14)asstartingmaterials.Hechosecrystalsthatwereatleastpartiallybounded

bycrystalfaces.TheseweresealedinsilicaglasscapsulestogetherwithanhydrousNaCl-

KClmeltsofconstantcompositionandexchangedatconstanttemperature.Basedon

fractionationcurvesofpotassiumbetweenmeltandfeldspar,themeltcompositionwas

chosensothattheresultingshiftsincompositionwereverysmall.Afterannealingthe

capsuleswerebroken,andthefeldsparsretrievedbydissolvingthesalt. Theywere

orientedbyeyeformounting,whichledtoerrorsinorientationofupto15◦.Diffusion

profilesweremeasuredperpendiculartothecrystalfaceswithanelectronmicroprobe,

andX-rayintensityplottedversusdistance.Ameanintensitycurveforoneparticular

directionwasfittedvisuallytoallpointsoftheprofilesmeasuredperpendiculartothe

samekindofinterface.Theinterdiffusionandself-diffusioncoefficientswerecalculated

fromtheseprofilesonthebasisofequationsandconcentrationprofilesgivenbyCrank
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(1956)ontheassumptionthatthecoefficientsareindependentofcomposition,asthe

compositionshiftsgeneratedintheexperimentswereverysmall.

HefoundthatNa-diffusionismuchfasterthanK-diffusionwhilebothhaveroughlythe

sameactivationenergy.Fromthecomparativelylowactivationenergiesheconcluded

thatthediffusionoflargecationsinalkalifeldsparscannotinvolvethebreakingofAl-Si-

bonds.Furtherheproposedacombinationofvacancyanddirectinterstitialmechanisms,

whichisintrinsicallycontrolled.

Differenttypesoffracturingwereobserveddependingonthedirectionofthecompo-

sitionshift,itsextent,andtemperature. Fromthisheconcludedthattheframework

ofalkalifeldsparscannotsufficientlyadapttothegradientinthemeansizeoftheal-

kaliionsduringexchangeunderanhydrousconditions,whichleadstocrackformation.

Calculationsgaveanestimatedcoherencystressofabout10kbar.

4.2.2 HomogenisationExperiments

BradyandYund(1983)usedtherateofhomogenisationoflamellaeincryptoperthites

tocalculateinterdiffusionratesinalkalifeldspars.Thismethodgivesanaverageinter-

diffusioncoefficientoverthecompositionrangegivenbythemoresodium-richandmore

potassium-richareasofthecrystal.Interdiffusioncanonlybeestimatedinthedirection

normaltothelamellae.Theyusedasyntheticperthitepreparedfromnaturaladularia

(homogenisedcompositionAb57Or43)andanaturalperthitefromBigBend,Texas(ho-

mogenisedcompositionAb60.8Or39.2An0.0)asstartingmaterials.Thesyntheticperthite

hadverycoherentinterfacesbetweenhostandlamellaewhiletheywerelessperfectin

thenaturalsampleduetothepresenceofdislocations.Thecoherencyofthelamellaeis

animportantcharacteristicofthestartingmaterial,asbettercoherenceminimisesthe

effectsgeneratedbythepresenceofaninterface.Thusthenaturalsamplesareexpected

tohaveyieldedlessreliableresults.

Beforetheexperimentsahk0X-rayprecessionphotoofeachcrystalwastaken.Then

theywereplacedinPtcontainersopentotheatmosphereandannealedat600±5◦C.

Thecrystalswereremovedrepeatedlyandprecessionphotosweretakentodocument

theprogressionofhomogenisation.Theaverageinterdiffusioncoefficientwascalculated

usingthediffusionequationforthefinite,one-dimensionalgeometryofalamellarinter-

growthbyCrank(1975),thecriticalvaluesbeingthetimeneededforhomogenisation,

andthelamellarspacing.

TheauthorspointoutthattheK-Na-interdiffusioncoefficientcannotbeconstantforthe

conditionsoftheirexperimentsaccordingtoliteraturedata,andcalculatethetheoretical
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interdiffusioncoefficientusingtheNernst-Planckrelation,andthetracer-diffusiondata

byFoland(1974)andKasper(1975).Theyfoundtheaverageofthecalculateddatato

beingoodagreementwiththeirresults.

HokasonandYund(1986)conductedthesameexperimentsusinganumberofnatural

feldspars,focussingontheinfluenceofthedegreeoforderingonhomogenisation.They

foundthatorderedsamplesdidnothomogenise,evenwhentemperedat1000◦C,while

disorderedcrystalsalreadyfullyhomogenisedat600◦C.Thegenerallygoodagreement

betweenthevaluesgainedfromthevarietyofsampleswasaresulttheyhadnotexpected.

Onthebasisofthistheyquestionedalkalidiffusioninfeldsparsinvolvingavacancy

mechanismbecausetheprobabilityofallsampleshavingthesamevacancyconcentration

isratherlow.Theyarguedthatthehighconcentrationofimpuritiesinthesamplesmight

haveledtoamaximumofthenumberofunpairedvacancieswhichmightexplainthis

apparentlackofinfluenceofthevacancyconcentration.

Alldatafortracer-diffusionofsodiumandpotassiumgainedfromthestudiessumma-

rizedabove,aswellastheinterdiffusioncoefficientsbyChristoffersenetal.(1983),have

beenplottedinfigure4.1andacompilationofthedatacanbefoundinappendixB,

tableB.1.

Itisimmediatelyobviousthatself-diffusionofsodiumisgenerallyfasterthanthat

ofpotassiuminagivenfeldspar. Thereisreasonablygoodagreementbetweenmost

studies,thoughmoresoforpotassiumthanforsodium.OnlythedatabyLinandYund

(1972)deviatequitenoticeably. Astheirstartingmaterialwasproducedbyexchange

ofmicroclinegrainswithmoltenNaCl,whichshouldleadtotheformationofcracks

(seechapter7.2foramoredetaileddiscussionofthiseffect),theirvaluesareprobably

overestimated.Thedatahasbeendeemedunreliablebyseveralotherstudies(Petrovíc,

1973;Yund,1984)andwillnotbetakenintoaccountforfurtherconsiderationshere.For

boththediffusionofpotassiumaswellassodiumthedataofKasper(1975)andFoland

(1974)agreereasonablywellwhich,giventheirnearlyidenticalexperimentalprocedures

andconditions,wastobeexpected. Theslightdifferencesmaybeduetotheeffect

ofcompositiononthediffusioncoefficientsastheyusedstartingmaterialsofnear-end

membercompositionsfromopposingendsofthecompositionspectrum(Yund,1984).
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Figure4.1:ArrheniusplotofNa-andK-tracer-diffusionandinterdiffusiondata
foralkalifeldspar:alldataweredeterminedfornearend-membercompositions;itis
apparentthatsodiumdiffusionismuchfasterthanpotassiumdiffusionforagiven
feldspar.Thereisareasonablygoodagreementbetweenthedataofdifferentstudies
forthesamecation;1-D∗Na-(PetrovicPhD);2-D

∗
Na-Maury(1968);3-D

∗
Na-Sip-

pel(1963);4-D∗Na ⊥(001)- Wilangowski(2013);5-D
∗
Na ⊥(010)- Wilangowski

(2013);6-D∗Na-LinandYund(1972);7-D
∗
Na-Foland(1974);8-D

∗
Na-Bailey

(1971);9-D∗Na-Kasper(1975);10-D
∗
K-Petrovíc(1972);11-D

∗
K-LinandYund

(1972);12-D∗K-Gilettietal.(1974);13-D
∗
K-Kasper(1975);14-D

∗
K-Foland

(1974);15-D∗K-GilettiandShanahan(1997);16-DNa/K ⊥(001)-Christoffersen
etal.(1983);17-DNa/K⊥(010)-Christoffersenetal.(1983).





Chapter5

Experiments

5.1 Starting Materials

TwosanidinesfromdifferentlocalitiesintheEifel(Germany)wereusedasstartingma-

terial.Piecesofgem-qualitymaterialwereanalysedusingscanningelectronmicroscopy

andelectronmicroprobemeasurementstoensurethatthematerialischemicallyho-

mogeneousanddevoidofcracks,twins,exsolutions,secondphaseprecipitates,orother

structuralorchemicalheterogeneities.Representativeresultsofmineralchemicalanal-

ysesofbothmaterialscanbefoundintable5.1.

Table5.1:Electronmicroprobemeasurementsofbothstartingmaterials;
V5,V14,V16andV22aresamplesofVolkesfeldsanidine.ThevaluesforERN3,ERS1
andERS37,whichrepresentsanidinefromtheRockeskyllerKopf,weremeasuredat
theRuhruniversiẗatBochumbyDemtr̈oder(2011)

V5 V14 V16 V22 ERN3 ERS1 ERS37

SiO2 63.68 64.30 63.93 64.72 64.86 64.95 64.75
Al2O3 18.62 18.56 18.82 18.71 18.66 18.9 18.9
TiO2 0.00 0.00 0.04 0.00 0.03 0.03 0.04
FeO 0.18 0.14 0.18 0.10 0.15 0.16 0.21
MgO 0.00 0.00 0.00 0.00 0.01 0.01 0.02
CaO 0.01 0.01 0.01 0.02 0.01 0.01 0.02
Na2O 1.65 1.64 1.72 1.70 2.83 3.03 2.95
K2O 14.01 14.32 13.97 13.85 12.26 12.13 12.1
BaO 0.83 0.60 0.86 0.55 1.23 1.25 1.46
SrO 0.18 0.05 0.14 0.07 0.2 0.22 0.04
Rb2O 0.03 0.05 0.05 0.05 n/a n/a n/a

Σ 99.181 99.686 99.722 99.775 100.23 100.7 100.49

39
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Eifelfeldsparsarewidelyknownfortheirchemicalhomogeneityandhavebeenwell

characterisedinvariousstudies(RileyandBailey,2003;ParsonsandLee,2005; Weitz,

1972;Neusseretal.,2012;Demtr̈oder,2011).Asaconsequencethesefeldsparsarevery

welldocumentedandwellsuitedfortheexperimentsofthestudyathand.Thebulkof

theexperimentswasdoneusingsanidinefromVolkesfeldasstartingmaterial.

TheinitialcompositionoftheVolkesfeldsanidinecanbedescribedasOr85Ab14Cs1,with

minorBacontentsofupto1wt%,(0.02apfu)andFecontentsofupto0.2wt.%(0.01

apfu).ThechemicalcompositionoftheRockeskyllsanidineisOr72Ab26Cs2(Demtr̈oder,

2011)withminorBacontentsofupto1.5wt%,(0.02apfu)andFecontentsofupto

0.2wt. %(0.01apfu),makingtheBa-contentslightlyhigherthanintheVolkesfeld

sanidine.

BothmaterialshaveamonoclinicsymmetryandcrystallizeinthespacegroupC2/m.

AluminiumandsilicononthetetrahedralsitearehighlydisorderedwithΣt1=61

(Volkesfeld)(Neusseretal.,2012)andΣt1=58-62(Rockeskyll)(Demtr̈oder,2011).

Thechosencrystalsareopticallyclearandfreefrominclusionsandcracksapartfrom

the(010)and(001)cleavages. TheVolkesfeldmaterialiseithercolourlessorsmoky

brown.AlthoughthereisnodifferenceinchemicalcompositionorAl-Si-orderbetween

thesetwovariants,allsampleswerepreparedfromthesmokybrownvarianttoensure

thestartingmaterialbeingasuniformaspossible. ThefeldsparsfromRockeskyllare

colourless.

FeldsparsfromtheEifelareknowntoshowanomalousannealingbehaviour.Attemper-

aturesexceeding750◦Ctheopticalangle2Vxchangesrapidlyandirreversibly(Bertel-

mannetal.,1985);themostsignificantchangescanbeobservedattemperaturesaround

950◦C(Schreueretal.,2013).Toinvestigateifthisanomalousbehaviourhasaninflu-

enceoninterdiffusion,thetemperaturesoftheexperimentswerechosenaccordingly.

Further,samplestemperedat1050◦Cfor4daysbeforeexchangewerepreparedtocom-

paretheoriginalsamplesandthosethathadalreadyundergonethedocumentedchanges

ofopticalproperties.

5.2 ExperimentalSetup

Thebasicprincipleoftheexperimentalsetupwassealingfeldsparinquartzglasstubes

(innerdiameter7mm,outerdiameter9mm)undervacuumtogetherwithasaltmelt

containingK+ andNa+ cationsinvaryingratiostoproducecontrolledcomposition

shiftsinthefeldspar.Theamountofsaltwascalculatedsothata40:1molarproportion

ofthealkalicationscontainedinthesaltrelativetothosecontainedinthefeldspar
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Table5.2:Overviewovertheexperimentalconditionsforallmainexperiments;all
listedexperimentswereconductedusingbothsampleswithpolishedsurfacescorre-
spondingtothe(010),and(001)planesofthefeldspar

T[◦C] XsaltK XeqOr runduration[d]

Vo
l
k
es
fe
l
d

800 0.48 0.80 32
1.00 1.00 32

850 0.30 0.70 1,2,4,8,16,32,64
0.35 0.92 8
0.60 0.97 1,2,4,8,16,32,64
0.85 0.73 1,2,4,8,16,32,64
1.00 1.00 1,2,4,8,16,32,64

920 1.00 1.00 1,2,4,8,16
950 1.00 1.00 1,2
1000 1.00 1.00 1

Ro
c
ke
s
k
yl
l

800 0.37 0.65 32
0.55 0.80 32

850 0.22 0.45 4,8,16
0.50 0.85 4,8,16
1.00 1.00 8

920 0.50 0.82 2
950 0.50 0.81 1
1000 0.50 0.81 1

wasobtainedtoensureconstantconcentrationboundariesduringcationexchange.The

tubeswerethenheatedtotemperaturesbetween800and1000◦Cinamufflefurnaceat

atmosphericpressurefor1to64days.ThetemperaturewasmonitoredwithatypeN

thermocoupleandaccuratewithin±2◦;temperaturevariationswere±1◦.Alistingof

theexperimentalconditionscanbefoundintable5.2,amoredetailedoverviewoverall

conductedexperimentscanbefoundintableB.3inappendixB.

Twodifferenttypesofexperimentscanbedistinguishedbasedonthegeometryofthe

starting material. Forthefirsttypecrushedfeldsparwasexchangedwithsalt melt

comprisedofamixtureofeitherNaCl-KClorNaBr-KBr,dependingonthetemperature

oftheexperiment.Theratioofthesaltswasvariedsystematicallytodeterminea)the

fractionationcurveofK+betweensaltmeltandfeldspar,b)whichcompositionshifts

werebestsuitedforsubsequentexperimentswithgeometricallywell-definedsamples,

andc)thecriticalcompositionshiftneededtoinitiatefracturing(seechapter7.2).

Forthesecondtypeofexperimentsplatesofwell-definedgeometrywereexchangedwith

saltmeltsofcompositionschosenbasedonthefirstsetofexperiments. Theresulting

sampleswereusedtodeterminetheinterdiffusioncoefficientasafunctionofcomposi-

tion,andtoanalysethefracturemechanicsofcracksresultingfromshiftsoftheinitial
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compositiontowardsmoresodium-richcompositionsinregardtothefracturetoughness

ofthematerial(chapter7.2)

5.2.1 Crushed Material

Chlorides

Thefeldsparwascrushedandsievedtoagrainsizeof200to400µm.0.1gofthecrushed

materialwassealedundervacuuminaquartzglasstube,togetherwithamixtureof

NaClandKClsalts. Thecompositionofthesaltmixturewaschosenbasedonthe

fractionationcurveofK+ betweentheresultingsaltmeltandthefeldsparcrystalsat

850◦CdeterminedbyNeusseretal.(2012).Sixcompositionswerechosen,halfofwhich

shiftedtheinitialcompositiontowardsmoresodium-richcompositions(XKCl0.2,0.25

and0.3)whiletheotherthreecausedashifttowardsmorepotassium-richcompositions

(XKCl 0.6,0.85and1.0). Thequartzglasstubeswereheatedto850
◦
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Cfor7and22

days,andthenquenchedinstantlybyimmersingthemintocoldwater.Thetubeswere

openedandthefeldspargrainsretrievedbydissolvingthesaltwithdeionisedwater.

Strewnslideswerepreparedandthecompositionoftheexchangedandunexchanged

partsofthecrystalgrainsdeterminedwiththeelectronmicroprobe(2grainsperexper-

iment,20pointspergrain). Theresultsofthesemeasurementswereplottedinfigure

5.1andfittheresultsbyNeusseretal.(2012).

Figure5.1:FractionationofpotassiumbetweenaKClmeltandfeldspardeter-
minedat850◦C;opensymbolsrepresentdatadeterminedbyNeusseretal.(2012),
closedsymbolsrepresentresultsofthisstudy
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Fouroftheconcentrations,threeshiftingthefeldsparcompositiontowardsmorepotassium-

richcomposition(XKCl 0.6,0.85and1.0)andoneshiftingtowardsamoresodium-rich

composition(XKCl 0.3),werechosenforfurtherexperimentswithwell-definedstarting

geometry.

Forexperimentsaimedatdeterminingthecriticalshiftneededtoinitiatefracturingfor

shiftstowardsmoresodium-richcompositionstheVolkesfeldsanidinewascrushedand

sievedtoagrainsizeof100to200µm.0.05gfeldsparwasexchangedwithsaltmelts

ofcompositionsvaryingsystematicallybetweenXKCl0.35to0.31toattainsuccessively

increasingcompositionshiftsofthefeldspar.Thecompositionoftheexchangedgrains

wasdeterminedwiththeelectronmicroprobeandBSEimagingwasemployedtoestimate

atwhichcompositionthefirstcrackscanbeobserved.

Bromides

Thefeldsparwascrushedandsievedtoagrainsizeof100to200µm.About0.05gof

thecrushedmaterialwasusedforeachexperiment.Thesaltconcentrationswerechosen

in0.1stepsbetween0and1XKBr todetermineafractionationcurveforbromidesat

800◦Cand850◦CinthewholecompositionrangebetweenXOr0and1.

Againstrewnslideswerepreparedandthecompositionoftheexchangeddomainsde-

terminedfortwentypointsontwograinspersample.TowardslowXOrvalues,thedata

pointsscattersignificantlybecausethefeldspardevelopscracksforlargecomposition

shiftsduetothecompositiondependenceofthelatticeparameters(seechapter7.2).

Thespacingofthesecracksbecomesnarrowerthelargerthecompositionshiftissothat

measurementswiththeEMPusingadefocusedbeamareoftenimpaired.Thefraction-

ationcurveshowsthesametrendasthatforchlorideswithasharpincreaseatvery

lowandveryhighvaluesforXOrandonlyslightchangesforintermediatecompositions.

Thefractionationcurvesshowthatpotassiumismorelikelytobefoundinthecrystalat

highertemperaturesintheintermediaterange,whilelittletonodifferencecanbeseen

fortherangeswithsteepinclinations.Theresultsofallmeasurementswereplottedin

figure5.2.

5.2.2 Geometricallywell-definedsamples

Thefeldsparwaspreparedaspolishedplatesof3x3 mmsizeand1 mmthickness.

Theplateswerepre-polishedbyhandonadiamondpolishingdisc,thefinalpolishing

wasdoneonasilkpolishingclothwith1µmdiamondpowder.Thepolishedsurfaces

correspondedtoeitherthe(001)or(010)planesofthefeldsparforthebulkofthe
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Figure5.2:FractionationofpotassiumbetweenaKBrmeltandfeldspardeter-
minedat800◦Cand850◦C;fadedsymbolsrepresentthefullrangeofexperimental
resultswhileboldsymbolsaremeanvalues

experiments. Forthefirstplatesonlythepolished(001)surfacewaspre-determined

andthusthepositionofthec∗-axisknown,whileotheraxescouldberotatedaroundit

randomly.Laterall(001)and(010)plateswerepre-orientedonthebasisoftheiroptical

extinctionunderpolarisedlight.

Experimentswithselectedsaltconcentrationswereconductedfordifferenttimesbetween

1and64daysandattemperaturesbetween850◦Cand1000◦CusingNaClandKClsalt.

Forexperimentsat800◦CNaBr(TM747
◦C)andKBr(TM734

◦C)saltswereusedbecause

theyhavelowermeltingpointsthanthechloridesandthusstillguaranteereliablecation

transport. AcompleteoverviewovertheexperimentscanbefoundintableB.3in

appendixB.Thecrystalplatesretainedtheirsurfacepolishaftercationexchangeand

noindicationofsurfacereactionorrecrystallisationwasfound. Theexchangedplates

werecutintwomutuallyperpendiculardirectionsandthickslideswerepreparedthat

allowedchemicalmeasurementsinthreecrystallographicdirections(figure5.3).

Someadditionalplateswithdirectionscorresponding(
√
2/2,

√
2/2,0),(

√
2/2,0,

√
2/2)

and(0,
√
2/2,

√
2/2)werepreparedandexchangedat850◦Cfor8dayswithpureKClto

providedatain3additional,independentdirectionswithinthea-b-,a-c-,andb-c-planes

ofthecrystal.



Experiments 45

(010)

b
a

c*

(010) (100)

c

a
b

(001)
c*

b

a
(001)

Figure5.3:Samplegeometryofthepreparedplatelets;themajorityofplateswere
preparedsothatthepolishedsurfacescorrespondedtoeitherthe(001)or(010)plane
ofthefeldspar.Aftertheexperimenttheplateswerecutintwomutuallyperpen-
diculardirectionstoallowdocumentationandmeasurementsofdiffusionprofilesin
differentcrystallographicdirections.





Chapter6

Methods

6.1 Analytical Methods

6.1.1 ScanningElectron Microscopy(SEM)

Thescanningelectronmicroscopeuseselectronsthatareacceleratedbyahighvoltage

andfocusedonthespecimenwiththehelpofelectromagneticlenses.Theelectronbeam

interactswiththesampleandthuscreatesseveralsignalsintheformofcharacteristic

X-rays,secondaryelectronsandback-scatteredelectronsthatcanbeinterpretedtode-

terminethesurfacetopographyandcompositionamongotherproperties.Thesesignals

aredisplayedasgreyscalepictureswiththecolourreferringtodifferencesinenergy.For

theelectronstointeractwiththesamplewithoutinterferenceithastobepolishedto

minimizeinfluencesofsurfacetopography. Forimaging,sampleswerecarboncoated

usingadoublecarbon-threadatadistanceofabout8cmfromthesamplesurfaceun-

dervacuumconditionsbetterthan10−5mbarchamberpressuretoestablishelectrical

conductivity.

6.1.2 Back-ScatteredElectron Microscopy(BSE)

Theanalysisofback-scatteredelectrons(BSE)isbasedontheelasticscatteringof

electronsduetointeractionwithnucleiofatomsinthesamplematerial. Acertain

fractionoftheelectronsisdiffractedwithinthecrystal(SchmidtandOlesen,1989).

TheseBSEarehighlyenergeticandhaveanorientationthatiscorrelatedwiththeatomic

number,thusallowingforchemicaldifferentiation.Thelargertheatomicnumber,the

higheristheprobabilityforadeflectionwithhighanglesthuscreatingastrongersignal

andleadingtolightercolouredareasintheBSEimage(Reed,2005). AnFEIInspect

47
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Sscanningelectronmicroscopewithatungstenfilamentelectronsourcewasusedfor

BSEimaging.Itwasoperatedatbeamaccelerationvoltagesof10to15kVandabeam

currentof8nA.BSEimagingwasdoneathighcontrastsettingssothatvariationsin

XOrofafewpercentcouldreadilybediscernedfromchangesinthegreyshadeonBSE

images.

6.1.3 ElectronBack-scatterDiffraction(EBSD)

Electronback-scatterdiffractionisatechniqueallowingtheanalysisofeffectscausedby

electronsexperiencingBraggreflectionatatomicplanesincrystallinematerials. The

samplewastiltedto70◦inordertoreachabeamincidenceangleof20◦withrespectto

thesamplesurface.Afractionoftheback-scatteredelectronsbearsdiffractioninforma-

tion,formingdiffractionpatterns,so-calledKikuchipatterns,onafluorescentphosphor

screenthatconvertselectronstovisiblephotonswhichinturnarethenrecordedbya

camera(Reed,2005).Thesepatternsconsistofanumberofbandsthatdifferintheir

position,widthandcontrasttothebackground. Theirpositionandwidth,whichis

inverselyproportionaltothedistancebetweenthelatticeplanes(SchmidtandOlesen,

1989),canbedetectedautomaticallybysuitablesoftware,andusedforphaseidentifica-

tionandtogaininformationontheorientationofthecrystal(Reed,2005).Orientation

mapscanbecreatedbyrecordingtheKikuchipatternsofpointsinagridspacedover

anareaofinterest((Reed,2005)).

Inordertogetthebestpossiblesignalforthistechniqueitisessentialtoensurea

verysmoothsamplesurface. Tominimizesurfaceroughnessthesamplewaspolished

chemicallywithacolloidalsilicasuspension(K̈ostrosol,pH9.2to10)onarotarypolisher

aftertheinitialmechanicalpolishing. Forelectronback-scatterdiffractionanalysisa

thinnercarboncoatingthanforimagingwasapplied,usingonlyasinglecarbonthread

atthesameconditionstoestablishelectricalconductivity.

EBSDdatawasacquiredusingaFEIQuanta3DFEGmicroscopeequippedwithafield-

emissionelectronsourceandanEDAXDigiviewIVEBSDcamera. Theedgesofthe

feldsparcrystalswerealignedparalleltothex-andy-directionsofthescanreference

systembystagerotation. Theelectron-beamwassetto15kVacceleratingvoltage

and4nAbeamcurrentinanalyticmodeusinganSEMapertureof1mm.Theworking

distancewasbetween8and14mm.A2x2or4x4binningoftheEBSDcamera-resolution

wasapplied.Houghsettingswereadjustedforeachgrainaccordingtopatternqualityof

thegrain.Commonsettingswere1◦thetastepsizeandaminimumpeakdistanceof10

to12◦forindexing6to17Houghpeaks.Amedium(9x9)orlarge(13x13)convolution

maskwasappliedtotheHoughspaceinordertoeliminateartificialpeaksandenhance
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weakbands. OnlytheinteriorportionoftheEBSDpatternwasusedforindexing,

determinedbytheρ-fractionof60%to85%.

TheEBSDdatawasmappedbythebeammovinginarasterscanpatternusinga

hexagonalgridatastepsizeof15µminanareabetween40x40µmand100x100µm.

Thewidestepwidthwaschosentoensurethatthequalityofsubsequentpatternswas

notinfluencedduringacquisitionbecausefeldsparhasalowstabilityundertheelectron

beam.Theaveragemeasuringtimewassetto0.3pointspersecond.Theelectronback-

scatterdiffractionpatternswereacquiredandprocessedusingthesoftwarepackagesOIM

DataCollectionandAnalysis.10to100datapointswerecollectedforeachcrystal.In

caseofinconsistentautomaticindexing,resultsforsinglepointsandindexingstatistics

werecheckedinordertoidentifythecorrectorientationofthecrystal.

6.1.4 EBSDCrossCorrelationTechnique

Thecrosscorrelationtechniqueallowsthedeterminationofthefullelasticstraintensor

fromelectronback-scatterdiffractionpatternsemployingthecommercialsoftwareCross

court3byBLGProductions.

Aseriesofsquareregionsofinterest(ROI)isplacedontherecordedelectronback-

scatterdiffractionpatterns(EBSP).Areferencepatternischosenataregionwhich

servesasastartingpointforlatticestraindeterminationandisideallyapartofthe

crystalthatisknowntobestrain-freeorwhichhasanotherwiseknownstateofstrain.

Itisimportantthatallacquisitionparametersarekeptconstantduringmeasurement

ofthereferenceandotherpatternsandthattherelativepositionsofthereferencearea

andthemeasurementareaarewellknown.ShiftsoftheEBSPs’featuresineachROI

ofapatternarethencomparedtotheirequivalentinthereferencepattern.Variations

intheseshiftsacrossthepatterngiveinsightintothenatureofthestrainwithinthe

diffractingvolume(Wilkinsonetal.,2009).

Thesensitivityofthecrosscorrelationmethodstronglydependsonpatternquality.

Forverygoodpatternsshiftsassmallasafewhundredthsofpixelscanbedetermined

(WilkinsonandBritton,2012);suchahighqualitycanunfortunatelynotbeachievedfor

feldsparsduetothenecessityforacarboncoatingofthesurface,thelowsymmetryand

densityofthecrystalaswellasitslowstabilityundertheelectronbeam.Furthermore,

asthepatternsweretakenbyintegrationoveranapproximately50µm2largearea

theycontainaninherenthorizontalblurringofabout0.5pixels(pixelsizeis80µm).

Nevertheless,thepatternqualityobtainedinourmeasurementswassufficienttoreach

asensitivityofabout0.5pixels(Wilkinsonetal.,2006).Thestrainsensitivityforhigh

resolutionKikuchipatternsis1.3x10−4(Wilkinsonetal.,2006).
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FastfourierfilterswereemployedontheROIsinordertoreducehighfrequencyintensity

noiseandlowfrequencyintensitybackgroundinfluences. Withthisthetranslational

shiftsinthetestedpatternROI’scanbetrackedmoreaccuratelybythecrosscorrelation

inthefourierdomain(Wilkinsonetal.,2009).Thelowfrequencycutoffwassetto2

px−1withacutoffwidthof0whilethehighfrequencycutoffwassetto15px−1,also

withacutoffwidthof0.

Electronback-scatterdiffractionmeasurementswereperformedattheMax-PlanckInsti-

tuteforIronResearchinD̈usseldorfusingaZeissXB1540crossbeaminstrumentwith

thermalfieldemissiongunoperatedat15kVandabout5nAbeamcurrent.Conduc-

tivityofthesamplewasestablishedbyacarbonsputtercoatingof2to3nmthickness

appliedwithaGatanPECSprecisionetchingandcoatinginstrument.Thesamplewas

mountedat70◦Csampletiltandthemeasurementsweredoneataworkingdistanceof

13mm.

Profilesweremeasurednormaltothepolished(010)and(001)surfacesofthecrystal;

thesamplewasorientedsothatthetraceoftherespectivesurfacewasparalleltothe

tiltaxis. To minimizebeamdamageonthebeamsensitivefeldspar,patternswere

collectedbyscanningthebeamoverarectangularareaof1x50µmwithitslongaxis

perpendiculartothetraceofthechemicalgradient.Thiswindowwasmovedin1µm

stepsforprofilesnormalto(010)andin2µmstepsforprofilesnormalto(001).

TheOIMDataCollectionsoftware5.3wasusedfordataacquisition. ATSLHikari

EBSDdetectorwitha640x640pixelresolutionwasusedforpatternrecording. A

1x1binningoftheEBSD-cameraresolutionwasappliedandtheimagecorrectedby

subtractingameasuredbackground,histogramnormalisationandapplyingadynamic

backgroundsubtraction. Thebackgroundpatternwastakenonacarbon-coatedglass

samplemountedonthesamesampleholder.

Houghsettingsof0.252θstepsize,abinnedpatternsizeof240andalargeconvolution

mask(13x13)wereusedtoidentify20peakswithaminimumpeakdistanceof16.Only

theinnerpartofthepatternwasconsideredwiththeρ-fractionoftheHoughspace

beingsetto84%. Foreachpatternthecameraexpositiontimewas200msand40

patternswereaveraged,resultinginatotalexposuretimeofabout8seconds.

Theanalysisofpatterndistortionwasperformedonthebasisof253squareregionsof

interest(ROI)eachwith64x64pixelsizeplacedontherecordedelectronback-scatter

diffractionpatternsinaregulargridwithinthecircularareaofthepatternwithan

overlapareaof7.5px2betweenneighbouringregionsofinterest.

Aslongastherimisthincomparedtothebulkofthesampletheunexchangedcoreis

mechanicallymuchstrongerthanthethinmisfittingsurfacelayer.Theinternalregion
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ofthecrystalisthereforemechanicallymuchstrongerthanthethinchemicallyaltered

surfacelayer. Accordingly,thepatternobtainedattheinnerendoftheprofileinthe

coreofthecrystalwaschosenasreferencepatternrepresentingtheoriginal,unstrained

lattice.ShiftsoftheEBSPs’featuresintheROIofeachpatternobtainedalongthe

measuredprofilefurtheroutwardsandacrossthesharpcompositionfrontwerethen

comparedtotheirequivalentinthereferencepattern.Variationsintheseshiftsacross

thepatterngiveinsightintothenatureofthestrainwithinthediffractingvolume

(Wilkinsonetal.,2009).

6.1.5 Electron Microprobe(EMP)

Theelectronmicroprobeisanon-destructivemethodthatallowsthequalitativeand

quantitativedeterminationofthechemicalcompositionofasolidmaterial.Itprovides

ahighlateralresolutiondowntoabout1µm. TheprincipleoftheEMPisbasedon

theinteractionofelectronsinahighlyfocusedbeamwiththesample.Thebeamcauses

theemissionofcharacteristicX-rays,scatteredelectrons,backscatteredelectronsand

cathodoluminescencethatcanbepickedupwithsuitablespectrometersanddetectors.

Formeasurementscarriedouttotestthehomogeneityandinitialcompositionofthe

startingmaterialaCAMECASX-100attheCenterforEarthSciences,Universityof

Viennawasused. Ahighvoltageof15kVandabeamcurrentof15to20nAwere

applied.Thestandards,spectrometersandundergroundpositionsusedforcalibration

canbefoundintable6.1. Thebeamhadtobedefocusedto3µmindiameterto

minimizethelossofNaandKbymigration.

Table6.1:EMPcalibration

Element Spectrometer
Crystal

Standard Counting
time peak
[s]

Counting
time back-
ground
[s]

Na TAP Albite 8 4
K PET Orthoclase 8 4
Fe LIF Almandine 20 10
Ba PET BaSO4 25 15
Mg TAP Olivine 20 10
Al TAP Almandine 8 4
Si TAP Quartz 15 7.5
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6.1.6 FieldEmissionGunScanningElectron Microscope(FEG-SEM)

Theadvantageoftheuseofafield-emissionelectronsourceishavingarelativelynarrow

beamathighenergyandthusacomparativelysmallexaltationvolumewhichinturn

allowsforhighspatialresolution.Thefield-emissioncathodeavoidstypicalproblemsof

otheremitterssuchasevaporationofthecathodematerialorthermaldriftduetothe

necessityforheatingthecathode.Insteadtheemissionisachievedbyplacingatungsten

wirefashionedintoaverysharppointintoanelectricalfieldwherethehighelectrical

potentialgradientlowerstheenergybarrier,allowingtheelectronstoescape(Erdman

etal.,2009).

Mineralchemicalanalysisofthecationexchangedsampleswascarriedoutatthe

HelmholtzzentrumPotsdam-GermanResearchCentreforGeosciencesusingaJEOL

HyperprobeJXA-8500Fwithathermalfield-emissioncathode.Profilesbetween15and

150µmlengthwith0.5µmor1µmstep-widthweremeasured,dependingonthewidth

andsharpnessofthediffusionfronts.Theprofilesweremeasurednormaltothetraces

ofthesurfacesoftheexchangedsampleswhichwerecutintwomutuallyperpendicular

directions(figure5.3)andmountedinepoxyresinbeforepolishing.TheFEG-SEMwas

operatedat8kVand10nA.Thebeamwasdefocussedto10µmforcalibrationand

fullyfocussedduringmeasurements. Peakcountingtimesweresetto10secondsand

backgroundcountingtimeto5secondstominimizelossofNaandKbymigrationdur-

ingmeasurement. Withthesesettingsalateralresolutionofbetterthan500nmcould

beachievedformineralchemicalanalyses.

Thecomparativelysmallexaltationvolumealsomakesthemeasurementssensitiveto

imperfectionsandcontaminationsofthesurfacewhichleadstosomescatteringofthe

data.Despitethescattertheanalysedprofilesclearlyallshowthesametrendsandreflect

theshapeofwell-defineddiffusionprofiles.Theerroriswithin3.5to4%forpotassium,

7to8%forsodium.Aswemainlylookatthe K
K+Na ratiothough,andmeasurements

forbothelementsareequallyinfluencedbyanyinaccuraciesofthemeasurements,the

overallerrorisonlyabout0.45%.

6.2 TreatmentofData

Giventhe40-foldmolarexcessofthealkalicationscontainedinthesalt-meltascom-

paredtothealkalicationscontainedinthefeldspar,thecompositionofthemeltremains

practicallyconstantduringcationexchange. Thusconstantconcentrationboundary

conditionscanbeassumed. Whenextractingthesodium-potassiuminterdiffusioncoef-

ficientfromtheconcentration-distancedata,thenon-linearnatureoftheinterdiffusion
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processmustbeaccountedfor.Atechniqueforintegratingthediffusionequationwith

acompositiondependentdiffusioncoefficientwasdevelopedbyBoltzmann(1894)(see

chapter3.6).Ithasbeenadaptedforapplicationtothespecificinitialandboundary

conditionscorrespondingtotheexperimentalsettingofthecationexchangeexperiments

inPetrishchevaetal.(2014).Onlydiffusioninthedirectionsperpendiculartothe(001)

andthe(010)surfacesofthecrystalplateswasconsidered.Profileswereallmeasuredat

sufficientlylargedistancesfromtheedgesofthecrystalplatesandfromcrackssothat

complexitiesofthechemicalpatternsbyoverlappingdiffusionprofileswereavoided.The

possibilityofunobservedcrackscanofcoursenotberuledoutcompletely.Inthecase

ofthesamplesthatwereshiftedtowardsmoresodium-richcompositions,however,the

cracksexhibitthedescribed,verystrictgeometryandregularspacing. This,incom-

binationwiththerelativelysmallactivationvolume,allowstheassumptionthatthe

probabilityofanunobservedcrackbeingpresentbeneaththesamplesurfaceisreason-

ablylow.Thediffusionprocessunderlyingtheobservedcompositionprofilescanthen

betreatedasstrictlyone-dimensional.

Timedoesnothaveaninfluenceontheinterdiffusioncoefficient;longerrunduration

onlyallowsthediffusionfronttopropagatefurtherintothecrystalwhiletheinterdif-

fusionprocessesandratesstaythesame. Allexperimentsforonetemperature,salt

composition,anddirectioncouldthusbereducedtoonedatasetcomprisingthedata

forallruntimes.Thesimilarityvariablewasintroducedwhichincludesboththespatial

andtemporalaspectsoftheconcentrationprofile. Thiswasachievedbyrescalingthe

spacevariablexforeachexperimentaccordingto:

ηs=
x

2
√
t0

(6.1)

definedfort>0andwitht0beingtheruntimeoftheexperiment.

η=x/(2
√
t)wascalculatedforeachmolefractionprofile,whichwasthenrecastin

theformc(η)andfittedusing WolframMathematica.Thefittingmethodwasadjusted

dependingonthetypeofdiffusionfront(seechapter7.3).

Thebasicequationforobtainingthecompositiondependentsodium-potassiuminterdif-

fusioncoefficientthenreads:

D(c)=−2
dη

dc

c

c2

η(c)dc, (6.2)

wherecisashorthandnotationforXOr,c2istheinitialbulk molefractioninthe

feldsparcrystal.Theinversefunctionη(c)wasinsertedintoequation6.2toobtainthe

compositiondependentinterdiffusioncoefficientDNaK(c). Thevalidityoftheanalysis
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wastestedbyback-modellingofthediffusionusingtheextractedsodium-potassium

interdiffusioncoefficient,whichgenerallygaveperfectagreementbetweencalculatedand

experimentallyobservedmolefractionprofiles.



Chapter7

Results

7.1 InfluenceoftheDirectionoftheChemicalShift

Theratioofthepotassiumandsodiumsaltsusedintheexperimentswasvariedto

achievecompositionshiftsofdifferentextenttowardseithermoresodium-orpotassium-

richcompositions.Dependingonthedirectionofthecompositionshiftdifferentgeome-

triesofdiffusionprofilescanbeobserved.

ForashifttowardsmoreK-richcompositionsthediffusionprofileexhibitstwoplateaus

correspondingtoanexchangedriminequilibriumwiththemeltandacompletelyunex-

changedcore,respectively.Betweentheseplateausanexchangefrontwithaninflection

pointdevelopsthatprogressesintothecrystalwithtime. Thewidthofthisdiffusion

frontvariesgreatlywiththeextentofchemicalshiftandcrystallographicdirection.For

amoredetaileddescriptionseesection7.3.

AshifttowardsmoreNa-richcompositionleadstothedevelopmentofaveryregular

cracksystem. Theexchangefrontdevelopinginthiscaselackstheinflectionpoint

observedforshiftstowardsmoreK-richcompositions.Formoreinformationregarding

thisseesection7.2.

7.2 Fracturing

Duetothepronouncedcompositiondependenceofthelatticeparametersinfeldspar,

whichisaboutfivetimeshigherinthea-directionthanintheb-andc-directions(Kroll

etal.,1986;Angeletal.,2012)(seefigure2.12),anyheterogeneityincompositionis

associatedwiththeoccurrenceofcoherencystrain.Ifduringcationexchangethecom-

positionischangedtooseverely,theassociatedlatticeextensionorcontractionleadsto

55
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theformationofcracks. Dependingonthedirectionofthecompositionshiftthege-

ometryofdevelopingcrackpatternsisfundamentallydifferent.Forshiftstowardsmore

sodium-richcompositionsthelatticecontractionproducesaveryregular,sub-parallel

systemoftensile(modeI)cracks.Theirstrictgeometryallowscalculatingthestressin-

tensityfactorfromthesystematicrelationbetweencrackspacingandcoherencystrain.

Cracksforshiftstowardsmorepotassium-richcompositionshaveamuchmorecomplex

geometryandcannotbeasreadilyanalysed.

7.2.1 ShiftstowardsNa

CharacteristicsoftheCracks

50 µm
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BSEimagingshowstwotypesofcracks.Thefirsttypeisasystemofcracksrunningsub-

paralleltoeachotherina(h0l)planeofthefeldspar,whichisageneralcrystallographic

planeandnotrelatedtothecleavageplanesoffeldspar.Thesecracksaresurroundedby

analterated,bell-shapedhaloofmoresodium-richfeldspar(figure7.1). Usuallythese

halosareboundedsharplyinthedirectionparallelandmuchmoresoftlynormaltothe

cracks.Thebariumdistributionremainsunchangedoverthediffusionfrontsandaround

thecracks.

Figure7.1:ElementmapacrosscracksinaVolkesfeldsanidineplatewithpolished
(010)surfaces,exchangedfor16daysat850◦CandshiftedtoXeqOr 0.6;numberson
thegreyscalelegendindicatetocountspersecond

Theorientationofthecracksdiffersslightlybetweenthetwostartingmaterialsused

fortheexperiments.ForsanidinefromVolkesfeld(initialXOr0.85)theanglebetween

cracksandnegativea-axisis83◦±2◦,determinedfrom48measurementsin3samples.

InsanidinefromRockeskyllerKopf(initialXOr0.72)theanglewasmeasuredas73
◦±

3◦,determinedfrom33measurementsin2samples.

Atthebeginningofcationexchangeonlyaverythinsurfacelayerhasbeenexchanged.If

theextendofthechemicalshiftexceedsthecriticalshiftforcrackformation,shortcracks

emanateperpendiculartothesurfaceofthegrainwithinthislayer. Withincreasingrun

durationthediffusionpropagatesintothecrystal,andthecrackslengthen(figure7.2)

andaredeflectedintothecommon(h0l)plane(figure7.3).
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Figure7.2:Thecrackspropagateintothecrystalwithtime,foragivencomposi-
tionthecrackspacingremainsconstantwhilethecrackspropagateintothecrystal;
Volkesfeldsanidineplateswithpolished(001)surfacesexchangedwithsaltmeltwith
XKCl 0.3at850

◦CcorrespondingtoashifttoXeqOr

50 µm

a

c*

(h0l)

0.65aftera)8days,b)16days,
c)32daysandd)64days

Figure7.3:Thecracksopenperpendiculartothecrystalsurfacebeforebeingde-
flectedintothegeneralcrystallographicdirection(h0l).Cracksofthesecondtype
runningparalleltothesampleedgesdonotshowalterationhaloesandcanthus
probablybeinterpretedasartefactsofquenchingandpreparation
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Thecracksfunctionasenhanceddiffusionpathwaysforcationexchange. Thusdiffu-

sionalsooccursperpendiculartothesurfaceofthecracks,formingtheaforementioned

alterationhalos(figure7.1).Thisadditionaldiffusionleadstoamuchfastercomplete

exchangeofthecrystalcomparedtounfracturedcrystals. Afteratimenonewcracks

developandaveryregularcrackspacinghasestablished(figures7.4and7.5).Plotting

thecrackspacingasafunctionofcompositionshiftshowsthatcrackspacingsystem-

aticallydecreaseswithincreasingcompositionshiftforbothsanidines,andforcracks

emanatingfromboththe(010)and(001)faces(figure7.6).

Therelationbetweencrackspacingandcompositionshiftappearstobenon-linear,the

relativedecreaseofcrack-spacingbecomingsmallerforlargershifts.Generallythecrack

spacingforcracksemanatingfrompolished(010)surfacesseemstobeslightlynarrower

thanforthoseemanatingfrompolished(001)facesforagivenchemicalshiftinboth

startingmaterials(figure7.6).Thecrackspacingincreaseswithdecreasingshiftasthe

coherencystressbetweenthealteredandunalteredareasofthecrystaldecreaseswhen

thecompositionaldifferencesaresmaller.

Thecracksofthesecondtyperunparalleltothecleavageplanesofthefeldsparandare

perfectlystraight.Incontrasttothecracksofthefirsttypetheyarenotsurrounded

byamoresodium-richexchangehaloandaremostlikelyartefactsofquenchingand/or

preparation.

Experimentswithhighertemperaturesandlongerrundurationswerealmostexclusively

conductedforonecompositionshiftusingasaltmeltwithXKCl 0.3.Thecomposition

shiftinthefeldsparcorrespondingtothismeltcompositiondependsonthetempera-

turetheexperimentwasconductedatbecausethefractionationofthecationsbetween

crystalandmeltistemperaturedependent.Inthesesamplescomplexcrackpatterns

withseveralhierarchicallevelsofcrackscanbeobserved. Thefirsthierarchicallevel

propagatesfurthestintothecrystalandhasaverywidespacingintheorderof120to

150µm.Thesecondsetofcracksisslightlyshorterandspacedabout15to20µmapart.

Thesecracksarestraightforacertainlengthandthenbentawayfromthecracksof

thefirsthierarchicallevelformingasteeple-likeshapewithitsapexbeinginthemiddle

betweentwoofthelongercracks.Thelasthierarchicallevelconsistsofveryshortcracks

withaspacingof6to10µm. Noteverysampleshowsallhierarchicallevelsofcracks

(figure7.7).AllspacingmeasurementsarelistedintableB.4inappendixB.

Twodifferentsetsofexperimentswerecarriedouttoanalysetheregularcrackpatterns.

SomeoftheworkwascarriedoutbyKatharinaScheidlaspartofhermasterthesis

inthescopeofthisprojectandwaspublishedinScheidletal.(2013),whichhasbeen

attachedtothisworkinappendixC.
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Figure7.4:BSEimageshowingtherelationbetweencrackspacingandchemical
shiftinVolkesfeldsanidine,thematerialwasexchangedfor7to8dayswithsalt
meltsofsystematicallyvariedcompositiontogainanequilibriumcompositionafter
exchangeofa)/e)XeqOr 0.27,b)/f)X

eq
Or 0.5,c)/g)X

eq
Or 0.6,d)/h)X

eq
Or 0.64withim-

agesatodshowingplateswithpolishedsurfacesparallelto(001)andetofshowing
plateswithpolishedsurfacesparallelto(010);thestereoplotsshowaprojectionof
thenormalsofthecrystalplanesintheupperhemisphere
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Figure7.5:BSEimageshowingtherelationbetweencrackspacingandchemical
shiftinRockeskyllsanidine,thematerialwasexchangedfor7to8dayswithsalt
meltsofsystematicallyvariedcompositiontogainanequilibriumcompositionafter
exchangeofa)/e)XeqOr 0.27,b)/f)X

eq
Or 0.5,c)/g)X

eq
Or 0.6,d)/h)X

eq
Or 0.64withim-

agesatodshowingplateswithpolishedsurfacesparallelto(001)andetofshowing
plateswithpolishedsurfacesparallelto(010);thestereoplotsshowaprojectionof
thenormalsofthecrystalplanesintheupperhemisphere
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Figure7.6:Crack-spacingasafunctionofthechemicalshift∆XOr =X
initial
Or -

XeqOr forsanidinefromVolkesfeldandRockeskyll

Criticalshifttoinitiatefracturing

Thefirstsetofexperimentsusingcrushedfeldsparsampleswasperformedtodetermine

thecriticalcompositionshiftneededtoinitiatefracturing.TothisendXKClofthesalt

meltwasvariedsystematicallybetween0.35to0.31toattainsuccessivelyincreasing

compositionshiftsofthefeldspar.BSEimagingoftheexchangedsamplesshowedthat

theminimumshiftneededtoinducefracturingis9mole-%. However,atthesesmall

shiftstheformationofthecracksisstilllargelycontrolledbyimperfectionsofthesurface.

Theregularitycharacteristicforthecrackpatternsbeginstodevelopatshiftsofabout

13mole-%.

Correlationbetweenchemicalshiftandcrackspacing

Thesecondsetofexperimentswascarriedoutusingplatesofwell-definedgeometryto

avoidimperfectionsofthesurfacetopographyofthegrainsinfluencingthecracks,and

toallowforaneasieranalysisofthefracturemechanics.Fortheseseriesofexperiments

thecompositionshiftwasvariedbetween15and55mole-%toinvestigatecorrelation

betweenchemicalshiftandcrackspacingwhichhadbeenimpliedbyearlierobservations

byNeusseretal.(2012).Theexperimentswereconductedat850◦Cforarunduration

of7to8days.Platesofbothstartingmaterialswereexchanged,cut,andmountedso

thatthepolishedsurfaceofthecrystalwaseither(001)or(010).Theorientationwas

determinedusingEBSD.Asthecracksrunparalleltoan(h0l)planetheyareperpen-

diculartopolished(010)surfaces.Insampleswithpolished(010)facesthecrystalsare

orientedsothatthec-axisisnearlyperpendiculartothesamplesurface.Asthecracks

encloseananglebetween8◦to18◦withthec-axis,thecracksarealsonearlyperpendic-

ulartothesamplesurface,andtheobservedcrackspacingverycloselycorrespondsto

theactualspacing.Thusforsampleswithpolished(010)facestheactualcrackspacing
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Figure7.7:Forlongerrundurationsandhighertemperaturesmorecomplexgeome-
triesofthecracksdevelopandseveralhierarchicallevelsofcrackscanbeobserved;
allsamplesusedplateswithpolished(010)surfacesshiftedtoXOreq0.6atthefol-
lowingrundurationsandtemperatures:a)32days,850◦C,b)2days,920◦C,c)
2days,950◦Cd)2days,1000◦C;therighthandimagesarecloseupsoftheareas
markedinthecorrespondinglefthandimage;thestereoplotsshowaprojectionofthe
normalsofthecrystalplanesintheupperhemisphere
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iscalculatedaccordingto

d=sinεd (7.1)

withdbeingtheactualspacing,dtheapparentspacingandεtheanglebetweenthe

normalofthecracksandthe(001)plane.dandεcanbedeterminedfromBSEimages

ofthesamples.

Insampleswithpolished(001)facesthetracesofthecracksaregenerallynotperpen-

diculartothetraceofthepolished(001)plane,andobservedcrackspacingdiffersfrom

actualspacing. Theobservedspacingisinthefollowingreferredtoastheapparent

crackspacingandtotheobservableanglebetweenthetracesofthecracksandthe(001)

faceastheapparentangleofintersection.Theanglethecracksenclosewiththesample

surfacesandthustherelationbetweentheapparentandactualspacing,aswellasthe

apparentangleofintersection,dependoncrystalorientation. Giventhatthetruean-

gleofintersectionbetweenthecracksandthe(001)surfaceisknown,theactualcrack

spacingcanbedeterminedfromtheapparentspacingandapparentangleofintersection

accordingto

d=
sinϕ

sinϕ
·
tanϕ

tanϕ
(7.2)

where,again,distheactualacrackspacing,ϕisthetrueandϕtheapparentangle

ofintersection.Thetrueangleofintersectionwasdeterminedas83◦forsanidinefrom

Volkesfeldand73◦

a

b

a

c

β

a) c)b)

a

β b

c

forsanidinefromRockeskyllerKopf.Asketchoftheorientationof

thecrackswithinthefeldsparcanbefoundinfigure7.8.

Figure7.8:Schematicsketchofaplateshowingthefirstandsecondlevelofcracks,
a)viewonto(001)alongc∗,b)obliqueviewshowingtheorientationofthefirstlevel
cracks(lightgreyplane)andsecondlevelcracks(darkgreyplanes),c)viewon(010)
alongb(imagecourtesyofKatharinaScheidl)



Results 64

20 µm 20 µm 0° 2°

Misorientation
relative to

(001)

(010)

(100)

a b

Figure7.9:EBSDmapsacrosscracktipsinaVolkesfeldsanidinewithpolished
(010)surfacesexchangedfor16daysat850◦CtoXeOrq0.6,EBSDmappingwitha)
0.4µmstepwidth,b)0.8µmstepwidth,thestereoplotshowsaprojectionofthe
normalsofthecrystalplanesintheupperhemisphere

TwoEBSDmapswererecordedovercracktipsinaplateofVolkesfeldsanidinewith

polished(010)surfacesexchangedfor2daysat920◦andshiftedtoXOr0.6.Bothmaps

showanareaofminormisorientationofthelatticeof0.5◦to1◦ononesideofthecrack

whichisboundedquitesharplyandbecomesnarrowertowardsthecracktip.Awider

areaofslightermisorientationisfoundontheothersideofthecrackandaroundthe

aforementionedsharplyboundedarea(figure7.9).Theshapeofthewholemisoriented

areaisreminiscentofthebell-shapedalterationhalodocumentedintheelementmaps

(figure7.1).

7.2.2 ShiftstowardsK

Forcompositionshiftstowardsmorepotassium-richcompositionsthesystematicsand

geometryofdevelopingcracksaremuchmorecomplex. Crackswereonlyobservedin

experimentswithshiftsbymorethanabout12mole-%withrundurationandtem-

peraturealsobeingdeterminingfactors.Foracompletelistingforwhichexperimental

conditionscrackswereobservedseetable7.1.Theobservedcracksrunroughlyparallel

tothediffusionfrontsandcurveclosetotheedgesofthesamplewherethecrackswhich

areparalleltotwodifferentsurfacesofthesamplelinkup(figure7.10).

Theshapeofthecracksisfurtherinfluencedbycrystallographicdirection. Mostofthe

cracksrunparalleltothea-axisofthefeldsparwhiletheyareusuallymuchshorter

paralleltob-andc∗.
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Figure7.10:Shifttowardsmorepotassium-richcompositionsleadstotheforma-
tionofcomplexcrackgeometries.Theshapeofthecracksisinfluencedbycrystallo-
graphicdirectionduetotheanisotropyofthecompositiondependenceofthelattice
parametersoffeldspar

7.3 DiffusionFronts

Cationexchangeleadstotheformationofanexchangedrimallaroundtheouteredgesof

thecrystal,documentingthatdiffusionstartsattheedgesofthecrystalandpropagates

inward.Theexchangedrimisseparatedfromthecoreofthecrystalbyacomposition

front.AscationexchangeinthesinglecrystalnecessitatesNa-Kinterdiffusionthecom-

positionfrontsmaybeinterpretedasdiffusionfronts.InBSEimagesthisexchanged

rimappearsdarkerforshiftstowardsmoreNa-richcompositionsandlightergreyfor

shiftstowardsmoreK-richcompositions.Inthelattercasethediffusionfrontsexhibita

pronouncedanisotropyinsharpnessandpropagationwidth.Chemicalprofilesweremea-

suredfromtheedgeofthecrystal,acrossthediffusionfrontandintotheunexchanged

coreareausingaFEG-SEM.
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Table7.1:Occurrenceofcracksinsamplesshiftedtowardsmorepotassium-rich
compositionslistedbyexperimentalconditions;x:crackshavebeenobserved,-:no
crackshavebeenobserved

polishedsurfacesofsampleplate 001 010

compositionsaltmelt XKCl XKCl

temperature[◦C] duration[d] 1.00 0.85 0.60 1.00 0.85 0.60

800 32 x x

850 1 - - - - -
4 - - - x
8 x x - x - -
16 x - - x - -
32 x - - x - -
64 x - - x

920 3 - x
8 x x
32 x - - x

x

950 2 x x
1000 2 x x

7.3.1 ShiftstowardsNa

ShiftstowardsmoreNa-richcompositionsthataresmallenoughnottocausethefor-

mationofcracks(∆XOr<9mole-%)leadtotheformationofadarkerexchangerimof

uniformthicknessallaroundthecrystal. Thediffusionprofilesmeasuredacrossthese

frontsshowacontinuousincreaseofthesodiumcontentfromthecoretotheouteredge

(figure7.11).Thisshapeofthediffusionprofileisconformwithwhatwouldbeexpected

fromdiffusionwithaconstantinterdiffusioncoefficientinthecaseofconstantconcen-

trationboundaryconditions,whicharegivenbythemolarexcessofthemeltrelative

totheexchangedcrystal. Theprofilescanthereforebefittedwithanerrorfunction.

Diffusionprofilesmeasuredindifferentcrystallographicdirectionsshownodifferencein

shape,sharpnessorpropagationwidth.

7.3.2 ShiftstowardsK

WhenfeldsparisreactedwithpotassiumrichsaltmelttheformationofaK-richsurface

layercanbeobserved,whichisseparatedfromthedarkgreyinternalregionsofthe

grainbymoreorlesssharpcompositionfronts. Cationexchangeinthesinglecrystal
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Figure7.11:Chemicalprofilesmeasuredacrossdiffusionfrontsinacrystalex-
changedfor8daysat850◦CandshiftedtoacompositionofXOr 0.65

necessitatesNa-Kinterdiffusion,andthecompositionfrontsmaybeinterpretedasdiffu-

sionfronts.Theshapeofthediffusionfronts,andinparticulartheirsharpness,exhibits

cleardirectiondependence. Wide,shallowdiffusionfrontsareobservedinthea-c-plane

ofthefeldsparwhilenarrow,sharpfrontsdevelopinthedirectionnormalto(010).

Apartfromcrystallographicdirection,thesharpnessandshapeofthediffusionfrontalso

dependsontheextentofthechemicalshift,i.e.thecompositiondifferencebetweenthe

exchangedrimandunexchangedcore.ForcompositionshiftstoXOr0.90theexchange

frontisveryindistinctintheBSEimage,andthechemicalprofileshowsacontinuousin-

creaseofpotassium-contentfromthecoretotherim.Itisthusverysimilartothefronts

observedforshiftstowardsmoreNa-richcompositions,andcanalsobefittedwithan

errorfunctionundertheassumptionthatinterdiffusionratesareconstantinthiscompo-

sitionrange.ForashifttoacompositionofXOr0.95thediffusionprofilebeginstoshow

twoplateauscorrespondingtotheexchangedrimandunexchangedcore,respectively,

andthediffusionfrontbetweenthetwoplateausexhibitsaninflectionpoint.IntheBSE

imageacleardistinctionbetweenrimandcoreareascanbeobserved.Ifthecomposition

isshiftedtovaluesofXOr >0.95,thediffusionfrontfullyexhibitsthecharacteristic

shapethatalreadybegantodevelopforsmallershifts,withtwosharplydefinedplateaus

separatedbythediffusionfrontwithaninflectionpoint(figure7.12).Thischaracteristic

shapeisverydifferentfromtheerrorfunctionwhichwouldbeexpectedtodescribethe

diffusionfrontinacrystalduringexperimentswithconstantconcentrationboundary
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conditionsiftheinterdiffusioncoefficientwasconstant. Thisindicatesthattheinter-

diffusioncoefficientinalkalifeldspariscompositiondependent,especiallyforhighXOr

X
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Thelackofaninflectionpointforprofileswithsmallershiftsandforshiftstowardsmore

Na-richcompositions,wheretheprofilescanbefittedwithanerrorfunction,inturn

indicatesaconstantinterdiffusioncoefficient.

Figure7.12:ChemicalprofilesmeasuredwithaFEG-SEMparallelbinVolkesfeld
feldsparexchangedfor8daysat850◦Candshiftedby15mole-%(top),10mole-%
(middle)and5mole-%(bottom);thecharacteristicshapeofthediffusionfrontsonly
developsforshiftstocompositionshigherthanXOr 0.9

Thesharpdiffusionprofilesparalleltotheb-axishaveaverynarrowdiffusionfrontwith

widthsbetween1µmand10µm,thewidthincreasingonlyslightlywithincreasingtem-

peratureandrunduration.Thelowerboundaryofthiswidthisonlyestimatedbecause

theresolutionoftheFEG-SEMisnotsufficienttoresolvethesteepgradientfurther.

Attemptstogetahigherresolutionandachieveamoreaccuratevaluewithtransmis-

sionelectronmicroscopy(TEM)wereunfortunatelyunsuccessful. Thedifferencesin

thepotassiumconcentrationarewithinerrorofthemeasurements;sodiumcannotbe

measuredatallbecauseitssignalismaskedbythatofgalliumionsembeddedduring

preparationoftheTEM-foils.

Thewiderdiffusionprofilesobservedinthea-c-planeshowdiffusionfrontswithwidths

between10µmandover100µmandthusaremuchshallowerthanthefrontsparallel
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(figure7.13).Theirwidthincreasesmoresignificantlywithincreasingrunduration,

temperature,andtime.

Figure7.13:ChemicalprofilesmeasuredwithaFEG-SEMinafeldsparshifted
towardsmoreK-richcompositionsparalleltobacrossanarrowdiffusionfront(top)
andparalleltoc∗acrossawidediffusionfront(bottom);inbothcasestheprofiles
showthecharacteristicshapewiththetwoplateausandaninflectionpointofthe
diffusionfront,regardlessoftheirwidth

Experimentsusingthespeciallypreparedplatesthatallowedmeasurementsofinterdif-

fusionprofilesinfouradditionaldirectionsshowedthattheshortestdiffusionprofiles

areobservedat90◦to[101]aroundb,i.e.≈[10̄2].However,despitetheoveralldiffusion

profilebeingshorterthediffusionfrontsthemselvesarerelativelywideandcomparable

totheshallowprofilesdescribedbefore. Onlythediffusionfrontsinb-directionshow

extremelynarrow,sharpdiffusionfronts.Figure7.14showsaschematicblockdiagram

summarizingthecharacteristicsofthediffusionfrontsinallcrystallographicdirections

analysedinthisstudy.

Thedistanceoftheinflectionpointfromtheedgeofthecrystalinthechemicalprofiles

wastakenasameasureofhowfarthediffusionfrontpropagatedintothefeldspar.The

linearrelationshipyieldedwhenplottingthesevaluesagainstthesquarerootoftime

indicatesthatdevelopmentofthefrontsiscontrolledbydiffusionprocessesonly(figure

7.15).Itcanbeobservedthatforagivenrundurationthevaluesforinterdiffusion

normalto(010)alwaysplotsomewhatlowerthanthoseforprofilesmeasuredinthe

(001)planeofthefeldspar.

Theinterdiffusioncoefficientforacertaincompositioncanbeextracteddirectlyfrom
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Figure 7.14:Schematic diagram showing the relative width and sharpness of all
diffusion fronts observed in this study
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Figure 7.15:Plot of the rim thickness (defined by the position of the inflec-
tion point of the interdiffusion front propagating into the crystal) versus t1/2for
Volkesfeld sanidine (left) exchanged toXOr 1.0 at 850

◦C and Rockeskyll Sanidine
(right) exchanged toXOr 0.85 at 850

◦C
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chemicalprofilesmeasuredwiththeFEG-SEM.Thisrequiressolvingthenon-lineardif-

fusionequation(equation3.31)byapplyingBoltzmann’stransformationandintegrating

thetransformeddiffusionequationasdescribedinchapter3.6.Treatmentofthedata

isdescribedinmoredetailinchapter6.2.

Thecompositiondependenceoftheinterdiffusioncoefficientwasextractedfrommore

than130diffusionprofilescomprisingexperimentsforbothstartingmaterials,directions

normalto(001)andnormalto(010),temperaturesbetween800and1000◦Caswellas

runtimesbetween1and64days.Unfortunately,notallprofilesyieldedusableresults.

Chippededgesorcrackscausedbypreparationleadtoprofilesbeingincomplete,andin

somecasesthescatterinthedatawastooseveretoallowformeaningfulinterpolation

betweendatapoints. Somedatasetshadtobediscardedbecausetheexperimental

conditionscouldnotbereconstructedwithcertainty,aftersampleshadbeenmixedup

duringpreparation.SanidinesfromRockeskyllerKopfwereobservedtobemoresus-

ceptibletodamageduringcationexchangeandpreparation. Mostsampleshadseverely

chippededgeswhichmademeasuringfullprofilesdifficult.Thusthenumberofprofiles

measuredinsanidinefromRockeskyllchosenforfurtheranalysisissmallcomparedto

thedatasetavailableforVolkesfeldsanidine.

Afulllistoftheprofileschosenforfurtherdatatreatment,whicharethebasisforthe

resultsshowninthefollowing,canbefoundintableB.2inappendixB.

Figure7.16showstheresultsoftheextractionofthecompositiondependenceofthe

interdiffusioncoefficientfromprofilesmeasurednormalto(001)andnormalto(010)for

experimentscarriedoutat850◦C,whichwasthetemperaturemostexperimentswere

conductedat.

Thesodium-potassiuminterdiffusioncoefficienthaslittleornocompositiondependence

overmostofthecomposition(0.65≤XOr≤0.95).Atverypotassium-richcompositions

ofXOr ≥0.95itshowsasubstantialincreasewithincreasingXOr. Theincreasein

Dtowardsthepotassiumend-membercompositionofthealkalifeldsparisobservedin

boththedirectionsperpendicularto(010)andperpendicularto(001).Theincreaseis,

however,moreabruptandmorelocalizedincompositioninthedirectionperpendicular

to(010)thanperpendicularto(001).Itisalsoseenthatfortheentirecomposition

rangesodium-potassiuminterdiffusionisfasternormalto(001)thannormalto(010).

Experimentswithsmallershiftsgenerallyshowfasterinterdiffusioncoefficients(seefig-

ures7.16and7.17).Forshiftstowardsmoresodium-richcompositionsthiscanpartially

becausedbytheaforementionedinfluenceofadditionaldiffusionnormaltodeveloping

cracks.However,thesameeffectcanalsobeobservedincrack-freesampleswhichmay

indicateaninfluenceofcoherencystrainonthediffusionpathways,meaningthatwith
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Figure7.16:Resultsoftheextractionoftheinterdiffusioncoefficientforallexperi-
mentsconductedat850◦C,includingdataforbothstartingmaterials(V-Volkesfeld,
R-RockeskyllerKopf)andprofilesmeasuredparalleltobandc∗;profilescorrespond-
ingtoexperimentswithsmallshiftsgenerallyplotathighervaluesthanthosefor
largershiftswhichmaybeaneffectofcoherencystrain

increasingcompositionshiftthedistortionofthelatticeleadstoadecreaseofthein-

terdiffusioncoefficient. Forfurtherconsiderationsoftheeffectofcoherencystrainon

interdiffusionseechapter7.4.Becauseofthisobservation,experimentswithsmallerand

largershiftsweretreatedseparatelyforallfurthercalculations.

Similartrendsareobservedatalltemperaturesconsideredinthisstudy.Infigure7.17

thedataisplottedseparatelybytemperatureandacomparisonbycrystallographicdi-

rectionisgiveninfigure7.18.Theformerallowsforaneasiercomparisonoftheeffect

ofstartingmaterialandcrystallographicdirection,whilethelattershowstheeffectof

temperaturemoredistinctly.Infigure7.17allshortprofileshavebeenplotted,although

itbecomesobviousthatinsomecasestheinterdiffusioncoefficientseemshighlyoveresti-

mated,whichindicatesthatthechemicalprofileswereprobablyinfluencedbysecondary

interdiffusionnormaltocracks,beyondanyeffectwhichmaybecausedbycoherency

stress.Someoftheseprofileswerethusexcludedforfurtherconsiderationsandhave

notbeenre-plottedinthecomparisonofallresultsinfigure7.18.Nosignificantdiffer-

encesininterdiffusionratesbetweenthetwostartingmaterialscanbeobserved. The

factorbywhichinterdiffusionisfasternormalto(001)relativetointerdiffusionnormal

to(010)decreaseswithincreasingtemperature. Figure7.18showsthat,asexpected,

theinterdiffusioncoefficientincreaseswithtemperatureforagivencomposition.Also,
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becomessomewhatlesslocalised,ascanbeseeninfigure7.17.

Figure7.18:Comparisonofcompositiondependenceofthesodium-potassiuminter-
diffusioncoefficientat800◦C,850oC,920◦C,950◦C,and1000◦Cnormalto(010)and
(001)

Theinterdiffusioncoefficientextractedfromexperimentsat920◦Cismuchhigherthan

wouldbeexpected,exceedingthevaluesfor950◦Candeven1000◦C.Similarresults

beingobtainedfromseveral,separatelyconductedexperiments,indicatesthatthisis

nottheeffectoffaultymeasurementsorpreparation.Thehigherthanexpectedvalues

maybeaneffectofthechangesofphysicalpropertiesdocumentedforEifelsanidine

inthistemperaturerange(Bertelmannetal.,1985;Demtr̈oder,2011);theimplications

ofthesechangesforsodium-potassiuminterdiffusionarenotknowntodate. Asitis

statedinliteraturethatthechangesareirreversible,twoplatesofVolkesfeldsanidine

withpolished(010)surfacesweretemperedat1050◦Cforfourdaysandcooleddown

veryslowly.Subsequentlytheywereexchangedat850◦Cfor8daysandshiftedtoXOr

1.0and0.73,respectively,totestiftheanomalousbehaviourhasaninfluenceonthe

overallprocessesofdiffusion. Theresultingdiffusionprofileswereidenticaltothose

observedinun-temperedsamples.Thus,iftheanomalyknownforEifelsanidineshas

aninfluence,itseemstobelimitedtothetemperaturerangeoftheactualchangesto

theopticalproperties. Furtherexperimentsbeyondthescopeofthisstudywouldbe

neededtoinvestigatethisfurther. ThevaluesforDat920◦Cwerenotconsideredin

derivingtheactivationenergyandpre-exponentialfactor.

7.4 StrainAnalysis

Incaseswheretheshiftstowardsmorepotassium-richcompositionsdonotinducefrac-

turingthelatticemisfitacrossthediffusionfrontsisaccommodatedbyelasticstrain.

TheassociatedlatticedistortionwasinvestigatedbyEBSDcombinedwiththecross
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correlationmethod.Latticestrainacrossshallowandsharpdiffusionfrontsistreated

separately. Thesamplechosenforanalysishadapolished(010)surfaceandwasex-

changedwithpureKClmeltforfourdaysat920◦C.Asharpdiffusionfrontdeveloped

inwardsfromthe(010)surface,i.e.,inb-direction.EBSDpatternswerecollectedalong

severalprofileswhichrunfromastartingpointintheinternalportionsofthegrain

acrossthesharpdiffusionfrontuptothepolishedsurface. Thepatternsintheex-

changedrimandacrossthediffusionfrontareclearlydistortedrelativetothereference

patternwhichwastakenattheinnerendoftheprofilewheretheoriginalcomposition

ofthefeldsparwaspreserved. Thedistortionofpatternsrecordedintherimhasthe

largestcomponentinthea-directionofthecrystal.Localizedatthediffusionfrontitself

amajorshiftparalleltotheb

50 µm

diffusion front

reference pattern

exchanged rim

c*

b

a

diffusion frontexchanged rim

pattern center

-directionofthecrystalisdocumented(figure7.19).

Figure7.19:ExemplaryEBSPwithshiftsrelativetothereferencepatternindi-
catedbythewhitearrows(arrowsscaledtoten);intheexchangedrimtheshifts
haveamajorcomponentparalleltothea-directionofthecrystalwhileinthediffu-
sionitselfapredominantshiftparalleltotheb-axisisobserved

Usingthecrosscorrelationmethodthefullstraintensorwasdeterminedforallpoints

alongtheprofile.Asthetensorissymmetriconlytheupperhalfisshowninfigure7.20.

Theprofilesshowthedistortionofthelatticerelativetothereferencepatternattheinner

endoftheprofile.Thediffusionfrontislocatedatadistanceofabout20µmfromthe

polished(010)surfaceofthecrystalandisabout5µmwide.Fourdifferentprofileswere

measuredtotestforreproducibility.Exceptforsomeminorvariationof 11thedifferent

measurementsweregenerallyingoodaccordance.Thevariationsofthenormalstrains

aremostsignificant.Thelongitudinalstrainsalongthea-andb-axesofthecrystal,that

is22and 11,respectively,showthemostpronouncedvariations.Thevariationof22

alongtheprofileindicatesadilationofthelatticeina-directionwithintheexchanged

rimrelativetothereferencepattern.Thisdilationdecreasesinwardsfromthesample

surfaceandvanishesatthediffusionfront.Incontrast,11,i.e.thestraininb-direction,

isclosetozeroinboththerimandunexchangedcorebutindicatesalocalizeddilation

inb-directionatthediffusionfront. Withinerrorthevaluesstayconstantfor33all

alongthemeasuredprofile,indicatingthatnosignificantlongitudinalstrainoccurred
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inc∗-direction. 12showsthesametrendas 22withaslightriseintheexchanged

rimwhichthendeclineswithinthediffusionfront. 23showstheoppositetrendwith

valuesbeingslightlylowerintherimrelativetothereferencepatternbeforerisingin

thediffusionfront. Neitherprofileshowsanyspecifictrendwithinthediffusionfront

itself. Withinerrorthevaluesstayconstantfor13allacrosstheprofile.

Twoprofilesweremeasurednormaltothe(001)surfaceofthesamesample(figure7.21).

Againonlytheupperhalfofthetensorisshownbecauseofitssymmetry.Thediffusion

frontsinthedirectionperpendicularto(001)aremuchwiderthanthoseevolvinginthe

directionperpendiculartothe(010)surface.Theexchangedrimisapproximately20µm

wideandthediffusionfronthasawidthofabout50µm.Inthiscase,thelongitudinal

strainina-direction(11)ischaracterizedbyagraduallyincreasingdilationfromthe

internalregionsofthegrainacrossthediffusionfrontandtowardstheexchangedrim.

Fortheb-directionweseetheoppositetrendwithagradual,slightcompressionacross

thediffusionfront. 33againstaysroughlyconstantacrosstheentireprofileindicating

thatnosignificantlongitudinalstrainoccurredinc∗-direction.
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Chapter8

Discussion

8.1 ChemicallyInducedFracturing

CationexchangebetweensanidineandNa+andK+bearingmeltsleadstotheformation

ofsurfacelayerschemicallyalteredbydiffusion.Thetransitionbetweentheexchanged

surfacelayerandunexchangedcoreofthecrystalcanbeinterpretedasadiffusionfront,

whichpropagatesinwardsbyNa-K-interdiffusiononthealkalisublattice.Theexchanged

rimdifferschemicallyfromtheunexchangedcoreareainitsK/Na-ratiowhiletheAl,Si-

networkremainsunaffected.Thelatticeparametersinfeldsparshowstrongcomposition

dependence. WithincreasingXOralllatticeparametersundergoanextension.Thea-

parameterchangesmostsignificantlyinthecompositionrange0.65≤XOr≤1relevant

fortheexperimentsinthisstudy;thisequalsachangebyabout5%whilebchangesby

only0.5%andcby0.2%. Thusthestrainresultingfromthechangesincomposition

duringcationexchangeisextremelyanisotropic.Inconsequence,fracturingcanbe

observedforshiftstowardsmoreNa-richaswellasK-richcompositions.

Experimentsusingcrushedfeldsparshiftedsystematicallytodeterminethecriticalshift

forfracturingshowed,thatthefirstcracksappearwhentheshiftexceeds9mole-%.From

BSEimagesofthesamplesitisapparentthatthefirstcracksnucleateatirregularities

ofthesurface.Theveryregularcrackspacingthatdevelopsforexperimentswithmore

severeshiftsindicateshowever,thatcoherencystressandfracture mechanicsrather

thanirregularlydistributeddefectsinthecrystalstructurecontroltheformationand

propagationofthecracks.Propagationofcracksunderstressisdescribedbythefield

offracturemechanics.

Generallythreedifferenttypesofcrackopeningaredistinguished,dependingonthe

movementofthecrackplanes(BlumenauerandPusch,1993):

79
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•modeI:crackopeningperpendiculartothecracksurface,reflectingtensilestress

inthesample

•modeII:cracksurfacesmoveparallelagainsteachotherandnormaltothedirection

ofcrackpropagation,reflectingshearstressinthesample

•modeIII:cracksurfacesmoveparallelagainsteachotherandtransverselytothe

directionofcrackpropagation,reflectingtorsionstressinthesample.

Cracksemanatingfromthe(001)surfaceareexactlyperpendiculartothedirectionof

themaximumtensilestressonthissurfaceandassuchcanbetreatedaspuremodeI

cracks.Forcracksemanatingfromthe(010)surfacethecracknormalandthedirection

ofmaximumtensilestressencloseanangleofabout18◦whichresultsinashearstress

componentparalleltothelineofthecracktip.ThiscorrespondstomodeIcrackswith

aminorcomponentofmodeIII.Thisdeviationseemstoconflictwiththemostnatural

assumptionthatthecracksshouldopennormaltothedirectionofthemaximumtensile

stress. However,onlythethinmisfittingsurfacelayerwastakenintoaccountforthe

analysisoffracturemechanicssofar.Asthecracksprovideafasterdiffusionpathway

forthecations,additionalinterdiffusiontakesplacenormaltothecracks,addingto

thecomplexityofthestrainfieldinthecrystalandmakingtheanalysisalotmore

complex.Furtherthegeometryofthesamplemighthaveaninfluenceonthecracksas

well,especiallyattheedgesoftheplateswherecracksemanatingfromdifferentsurfaces

meetup.Experimentstryingtoeliminatethiseffectbyshieldingtheedgesoftheplate

withacoatinghavenotbeenconductedsuccessfully,asthehightemperaturesandsalt

meltdestroyedthecoatingtoofast.

Fromconsiderationofthegeometryandtherelationbetweenthecharacteristiccrack

spacingandtheinducedstressitwaspossibletodeterminethecriticalstressintensity

factorofthefeldspar.Theextractedstressintensityfactorwas2.3MPam1/2/73MPa

mm1/2to2.72MPam1/2/85MPamm1/2.Forthefulltreatmentofthestressanalysis

thereaderisreferredtoScheidletal.(2013)(appendixC).

Accordingtofracturemechanicsazoneofelasticstrainshoulddevelopatthetipof

amodeIcrack(Griffith,1921). Thisstoredelasticenergyisreleasedwhenthecrack

propagates.Ifsuchaconcentrationofelasticenergywaspresentatthecracktipsinthe

samplesshiftedtowardsmoresodium-richcompositions,itshouldbevisibleasaslight

misorientationinanEBSDmap. NeitherofthetwoEBSDmapsovercracktipsina

sampleexchangedfor2daysat920◦CandshiftedtoacompositionofXOr0.6showsthis

expectedeffect(figure7.9).Apossibleexplanationisthatthestepwidthnecessitated

bythelowstabilityoffeldsparundertheelectronbeamistoolargetorecordthezone,

orthattheelasticstrainissominorthatitcannotbepickedupwiththemethodused.
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However,themapsdoshowazoneofslightmisorientationofupto1◦aroundthecrack

whichwidenstowardsitsbase.Theshapeofthiszoneisreminiscentofthebell-shaped

alterationhalodocumentedintheelementmaps(figure7.1)andmightthusberelated

tothelatticedistortioncausedbythesubstitutionofthelargerpotassiumcationwith

thesmallersodiumcation.Themoresharplyboundedzonetoonesideofthecrystalis

probablyapreparationeffectcausedbythecrackemanatingfroma(010)surfaceand

thusmostlikelynotbeingentirelyvertical.

Thegeometryofthecracksdevelopingforshiftstowardsmorepotassium-richcompo-

sitionscannotbeinterpretedanalogouslytothosedevelopingforshiftstowardsmore

sodium-richcompositions.Thecrackpatternsarenotregular,althoughtheyshowthe

influenceoftheanisotropyinthecompositiondependenceofthelatticeparametersof

feldspar. Themoreseveredilatationofthea-parameterleadstoshearstressesbeing

muchlargerparalleltothea-axiscomparedtotheotherdirections.Cracksaccordingly

tendtobelongerparalleltothea

c* b

a

-axisandshorternormaltoit.Furthertheshearstress

variesalongthelengthofthecrystal,beingsmallestinthecentreandbecomingmore

pronouncedtowardstheedges,contributingtothecurvedshapeofthecracks(figure

8.1).

Figure8.1:Duetotheanisotropyofthecompositiondependenceofthelatticepa-
rametersthecrystallatticeonlystretchessignificantlyalongthea-axisduringcation
exchange,leadingtocoherencystress;thestressislargestattheedgesofthecrystal.
Nearlynoextensiontakesplaceintheotherdirections,asaconsequencecracksopen
normalto(001).Thedashedlinesexaggeratedlyrepresentthewaythecrystallattice
deformswithacompositionshifttowardsmoreK-richcompositions
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8.2 CoherencyStrainAcrossDiffusionFronts

EBSDcombinedwiththecrosscorrelationmethodisapowerfultoolforquantifying

coherencystrainintherangeof10−4(Mauriceetal.,2012;Brittonand Wilkinson,

2012),providedthe misorientationbetweentestandreferencepatternislimitedto

about1◦. Asystematicerroranalysisofthecrosscorrelationmethodhasshownno

significantdifferenceinaccuracybetweennormalandshearcomponents(TomJ̈apel,

personalcommunication).

Forthemeasurementsinthisstudythestraincomponentsiny-direction(11,and12,

31)willmostprobablyshowareducedaccuracy,becausethepatternshavebeenac-

quiredbyintegrationofanareaextending50µminy-direction(seesection6.1.4).This

correspondstoahorizontalblurofabout1pixelinthepatterns.However,asthepat-

ternsarechangingonlyinx-directionofthesamplethishorizontalblurstaysconstant

forallmeasurementsandshouldthereforenotstronglyreduceaccuracy.

Intheinvestigatedfeldsparslatticestrainislocalizedacrossasharpdiffusionfront

formingin[010]-direction(figure7.20). Whilethecompositionofthefeldsparchanges

inastrictlymonotonicmannerwithanoutwardsincreaseofXOr from0.85to1.00

acrossthediffusionfront,theobservedlatticestrainacrossthesharpcompositionfront

ischaracterizedbyasubstantialdilationoftheb-parameterthatislocalizedwithin

theabout5µmwidedomainofthediffusionfront.Atthesametimethea-parameter

showsaslightandmonotoniccontractionandthec-parameterremainsunchanged.This

systematicchangeoflatticestraindoesnotconfertothechangeoflatticestrainwhich

wouldoccurinastressfreecrystalofalkalifeldsparsubjecttoasimilarcomposition

change. WhenalkalifeldsparwithaninitialcompositionofXOr 0.85isshiftedtothe

purepotassiumend-membercomposition,XOr 1.00,thisimpliesanexpansioninall

crystallographicdirections;a0=8.545Å→ a1=8.6Å,b0=13.025Å→ b1=13.03Å,

c0=7.175Å→ c1=7.18Å,andaminutechangeintheangleβ,β0=116.0
◦→ β1=

116.05◦(Krolletal.,1986). Withintheplaneofthediffusionfront,thatiswithinthe

contactplanebetweenthecompositionallydistinctdomainsofthecrystal,thelattice

parametersareconfinedtothoseofthevolumetricallybyfardominantinternalportion

ofthecrystalinwhichtheoriginalcompositionisretained.Asaconsequencethevolume

changeacrossthediffusionfrontisaccommodatedbychangeoftheonlyunconstrained

latticedirection,i.e.theb-directioninthecaseathand,perpendiculartotheconstrained

interface.Onlyafewmicrometrestowardstheedgeofthefeldspar,outsidethediffusion

front,themechanicalcouplingtotherigidsubstratumbecomeslessstrong,andthe

crystalcanexpandina-direction.Assoonasthecompositionstrainisaccommodated

bydilationina-direction,theb-parametershrinksagain,leadingtoastrainsimilarto

whatisexpectedinastressfreecrystalofalkalifeldspar(figure8.2,left).
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Thesystematicsofthestrainalongtheprofiletakenacrossashallowdiffusionfront

formedperpendicularto(001)conferstowhatisexpectedforthecompositioninduced

eigenstraininstressfreefeldspar. Thea-parameterincreasessuccessivelytowardsthe

outerportionsofthecrystalasherethefreesurfaceisperpendicularto[100]andthus

thea

e 1
1

e22c*

b

a

e 1
1

e22c*

a

b

-directionofthecrystallatticeisnotconfinedbythestrongersubstratum(figure

8.2,right).

Figure8.2:Schematicdiagramsofthelatticedistortionacrossthesharp(left)and
shallow(right)diffusionfrontsnormalto(010)and(001),respectively;darkgreyrep-
resentspartoftheunexchangedcore,lightgreyrepresentspartoftheexchangedrim.
Forthesharpdiffusionfrontthelatticedilatesinb-directionas(010)istheonlyfree
surfacewhilethea-andc-parametersaredominatedbytheunexchangedsubstratum;
intherimthedilatationina,whichwouldbeexpectedinastressfreefeldspar,takes
over.Thegradualdilationina-directionobservedfortheshallowdiffusionfrontin
turnisinaccordancewithcompositionstraininanunstressedfeldspar

Thedistortionofthelatticeacrossthesharpdiffusionfrontin[010]-directionmayhave

aninfluenceonthediffusionpathwaysinthefeldsparstructure. Themaindiffusion

pathwaysareinthea-c-plane.ThealkalicationsoccupylargecavitieswithintheAl,Si-

tetrahedralframework.Themostlikelyinterstitialsitesforthelargecationsare(0,0,12)

andequivalentsites(Petrovíc,1972).Forunitjumpsparalleltothea-directionthespace

betweentheatomsconstitutingtheframeworkislargeenoughtoallowalkalicationsto

jumptointerstitialsiteswithouttheneedforseveredistortionofthelattice(Christof-

fersen,1982).Paralleltotheb-axisthecationsitesareseparatedbythecrankshaft-like

chainsformedbytheAl,Si-tetrahedra(Ribbe,1983)andatomicjumpsinthisdirection
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aremuchmoredifficult.Thedilationinb-directionthatislocalizedatthediffusionfront

correspondstoanincreaseinthelengthoftheatomicjumpsthatthealkalicationscon-

tributingtodiffusionin[010]-directionhavetoexecute.Itisconceivablethatanincrease

inthejumpdistancebetweentwoneighbouringsitesthatarealignedin[010]-direction

inthealkalisublatticegoesalongwithanincreaseoftheenergybarrierbetweenthem.

Thiswouldcorrespondtoanincreaseintheactivationenergyfordiffusionandwould

thusentailareductionofthecorrespondingdiffusioncoefficient.Similartothelattice

distortionthiseffectwouldbelocalizedatthediffusionfrontandcontributetofurther

sharpeningofanemergingdiffusionfront.Thisfeedbackofdiffusionandinducedlattice

strainonthediffusionprocessitselfmaybeoneofthereasonsfortheformationoftheex-

ceptionallysharpdiffusionfrontsnormalto(010)forshiftstowardsmorepotassium-rich

compositions.Inthecaseathand,theself-sharpeningdiffusionfrontactsasadiffusion

barrier.

8.3 InterdiffusionasaFunctionofComposition

CationexchangeinthesinglecrystalnecessitatesNa-Kinterdiffusion.Thelinearrelation

betweentherimthicknessandthesquarerootoftimefurtherindicatesthattheexchange

ofK+ andNa+-cationsbetweenthesaltmeltandthefeldsparoccursbyadiffusion

processonly. Otherstudies,e.g. Norbergetal.(2011),explainthereplacementof

themorepotassium-richfeldsparwithamoresodium-richphaseasbeingcausedby

dissolution-reprecipitation. However,severaldifferencesbetweentheproductsofthis

mechanismincomparisontotherunproductsoftheexperimentsinthisstudycanbe

observed. Dissolution-reprecipitationleadstotheformationofzonesdifferingintheir

chemicalcompositioninregardtominorandtraceelements.Thediffusionfrontsinthis

study,however,arecontinuousandextendoverrangesoftensofµm.Thedistribution

ofBaisuninfluencedbythepropagationofthediffusionfrontswhichhasbeentested

bothwithmicroprobeanalysesandelementmappings(seefigure7.1). Further,the

Al-Si-orderremainsconstantandthelatticecoherentoverthediffusionfront(Neusser

etal.,2012)whichfurtherindicatesthatnoreprecipitationtookplace.Thusthedata

obtainedfromtheexperimentsinthisstudycanbeusedtoextracttheinterdiffusion

coefficient.

Theinterdiffusioncoefficientat850◦Cwasobtainedforsixdifferentdirections. The

bulkoftheexperimentswascarriedoutusingplateswithpolished(010)and(001)

plates,allowingmeasurementsofchemicalprofilesparalleltoa,bandc∗. Additional

experimentswithspeciallypreparedplatesgavedatain(
√
2/2,

√
2/2,0),(

√
2/2,0,

√
2/2)and(0,

√
2/2,

√
2/2). WhileChristoffersenetal.(1983)provideddatainseveral
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crystallographicdirections,thedatasetpresentedherewasthefirstallowingthefull

determinationofthediffusivitytensorinthecompositioninterval0.85≤XOr≤0.97.

Thisfulldiffusivitytensormakesitpossibletocalculateaninterdiffusioncoefficientin

anydirectionforVolkesfeldsanidineat850◦C.Futureexperimentsareplannedtoalso

determinethediffusivitytensoratothertemperatures.

Interdiffusionnormalto(010),i.e. paralleltotheb-axis,wasfoundtobeslowerby

afactorof5to10inbothstarting materialsthaninterdiffusionparalleltoc∗,the

ratiobytrendbecomingsmallerforhighertemperatures.Thisfitstheobservationsby

Christoffersenetal.(1983)whoreportedinterdiffusionnormalto(010)tobeslowerthan

normalto(001)byafactoroftenat1000◦C.Petrovíc(1972)alsodocumentedtherates

normalto(010)tobeslowerbyuptotwoordersofmagnitudethaninthea-c-planein

thetemperatureintervalbetween850◦Cand1000◦C.

Thefastestinterdiffusioncoefficientsarefoundparalleltothe[101]-directionofthe

feldsparwhileinterdiffusionisslowestinthedirectionrotated90◦tothisaroundthe

b-axis,whichroughlyequalsthe[10̄2]-direction. Thiscanbeexplainedbylookingat

thefeldsparstructure. Thelongaxisofthewidestchannel-likestructureswithinthe

frameworkcoincideswiththefastestdirectionofinterdiffusion,whilethestructureshows

almostnochannelsperpendiculartoit(seefigures2.9and2.10).Thisisaveryinterest-

ingresultbecauseinterdiffusionhasmostlybeenassumedisotropicwithinthea-c-plane

inolderstudies(Foland,1974;Kasper,1975). Detailsonthedeterminationofthefull

diffusivitytensorcanbefoundinPetrishchevaetal.(2014)(foundinappendixE).

Furtheritisinterestingtoobservethatalthoughtheslowestinterdiffusionratesarefound

roughlyparallelto[10̄2],andthustheshortestdiffusionprofilesareobservedinthis

direction,onlythediffusionfrontsinb-directionshowextremelynarrow,sharpdiffusion

fronts.Thisisprobablyduetothefactthattheydevelopinthedirectionnormaltothe

a-c-plane,whichistheonlydirectionsubjecttothefulleffectoftheseverechangesin

a-parameterwithchangesinfeldsparcomposition.Thisfurtherindicatesthatcoherency

strainplaysaroleinthedevelopmentofthesesharpdiffusionfrontsandhasanoticeable

influenceoninterdiffusion(comparechapter8.2).

8.4 ComparisontoLiteratureandaTheoreticalInterdif-

fusion Model

Diffusioninalkalifeldsparhasbeenthesubjectofnumerousstudies. Mostofthese,

however,focussedontracer-diffusionofcationsandonlyveryfewauthorsdealtwith

interdiffusion. Thesearediffusioncouple,exchangeandhomogenisationexperiments.
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Thelatter,whileprovidingvaluableinsightstooverallratesandtheinfluenceofdefects

ondiffusionrates,arelimitedbytheirexperimentalsetupandstartingmaterialsin

respecttoobservationsofacompositiondependenceoftheinterdiffusioncoefficientor

apossibleanisotropy,whichwerethemainpointsofinterestforthisstudy.Thisleaves

twostudiesbyPetrovíc(1972)andChristoffersenetal.(1983),whichyieldedresults

comparabletothedataathand.

BoththeseauthorsobservedacompositiondependenceoftheinterdiffusioncoefficientD.

UsingalbitewithXOr0.00andorthoclasewithXOr0.86incationexchangeexperiments

Petrovíc(1972)observedthatDisindependentofcompositioninthecompositionrange

0.00≤XOr ≤0.1whereasapronouncedcompositiondependencewasobservedfor

potassium-richcompositionswithXOr≥0.86.

Christoffersenetal.(1983)conductedastudyusingaclassicaldiffusioncouple,where

albiteandadulariasinglecrystalswerebroughtintocontactatapolishedsurface.The

sigmoidalmole-fractionprofilesdevelopingduringannealingwereanalysedusingthe

Boltzmann-Matanoanalysis.Thechoiceofstartingmaterialsallowedthemtodetermine

thecompositiondependentinterdiffusioncoefficientinthecompositionrange0.10≤

XOr≤0.80.Theyfoundaminimumoftheinterdiffusioncoefficientatapproximately

XOr0.4andanincreasebyafactorofabout2.5towardsmoresodium-richcompositions

andanincreasebyafactorofabout10towardsXOr0.8(figure8.3).

Inthisstudytheinterdiffusioncoefficientwasdeterminedinthecompositionrange0.65

≤XOr≤0.99whichisofparticularinterestasthecompositiondependenceofthein-

terdiffusioncoefficientchangesmostseverelyinthiscompositioninterval.Theanalysis

ofthe1000◦CexperimentsextendstheearlierdeterminationsbyChristoffersenetal.

(1983)tohigherXOrwithoutanyapparentjumpforboththedirectionperpendicular

to(010)andthedirectionperpendicularto(001)(figure8.3).Asthe850◦Cexperiments

extendoverawidercompositionrange,thisdatawasre-calculatedto1000◦Cusingthe

activationenergiesdeterminedfromourexperiments(dashedcurvesinfigure8.3).The

recalculatedvaluesplotsomewhathigherthanthedatameasuredat1000◦C,however,

thedeviationiswithinerror.Intheoverlappingcompositionrange0.7≤XOr≤0.8,

wherethedataofthisstudyindicateonlyminorcompositiondependenceoftheinterdif-

fusioncoefficient,theydeviatefromthoseofChristoffersenetal.(1983),whoobserved

amorepronouncedcompositiondependence.

Thestrongcompositiondependenceinthecompositionrange0.8≤XOr ≤0.99not

coveredbythedataofChristoffersenetal.(1983)ispredictedbytheoreticalcalculations

oftheinterdiffusioncoefficientfromself-diffusioncoefficients.Therearetwomodelsfor

therelationoftheself-andinterdiffusioncoefficients.Forneutralatomicinterdiffusion,

asoftenfoundinmetals,theDarkenequation(Darken,1948)(equation3.11)isused,
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whileinioniccrystalstheNernst-Planckrelation(equation3.22)istobepreferred(see

chapter3).

Numerousstudiesontracer-diffusioninalkalifeldsparwereconductedwhichgivea

widerangeofvaluesfortracer-diffusioncoefficients,pre-exponentialfactorsandactiva-

tionenergies(seechapter4andtableB.1).Theyweremostlydeterminedforfeldspar

witheitheralmostpurealbite-orpureorthoclase-composition,aswellasatXOr 0.86

asthesearethenaturallyavailablecompositionssuitedforexperimentaltreatment.To

calculatetheinterdiffusioncoefficienthowever,itisnecessarytoknowthecomposition

dependenceofthetracer-diffusioncoefficients.Tothisend,pairsoftracer-diffusionco-

efficientsdeterminedinstartingmaterialsofopposingendsofthecompositionspectrum

havetobecombined,andthecompositiondependencedeterminedasalinearextrapo-

lationbetweenthegivenexperimentallydetermineddata.Apartfromthefactthatthe

linearextrapolationmightinduceacertainerror,theavailableliteraturevalueswere

determinedwitharangeofdifferenttechniques. Kasper(1975)modelledtheexperi-

mentsconductedinthescopeofhisPhDthesisafterthosebyFoland(1974).Thusthe

combinationoftheresultsofthesetwostudiesconstitutesthemostconsistentdataset

fortracer-diffusioncoefficientsavailableinliteraturetodate,andwaschosenforthe

calculationofthetheoreticalinterdiffusionrates.

Figure8.3showsthetheoreticalcalculationsbasedontheNernst-Planckrelation(equa-

tion3.22)incomparisonwiththedirectlydeterminedvaluesofthesodium-potassium

interdiffusioncoefficientfromthisstudyandfromChristoffersenetal.(1983).Thereis

reasonablequalitativeagreementbetweenourdirectdeterminationsofD(c)fordiffusion

inthedirectionsperpendicularto(001)andperpendicularto(010),andthetheoreti-

calcalculations.Thedirectdeterminations,however,indicateslowersodium-potassium

interdiffusionbyafactorofaboutfivetotenthancalculatedtheoreticallyfordiffusion

perpendicularto(001)andslowerbyalmosttwoordersofmagnitudefordiffusioninthe

directionperpendicularto(010).

Thisdiscrepancyinabsolutenumberscanprobablybeexplainedbytracer-diffusion

datafoundintheliteraturehavingmostlybeendeterminedbybulkexchangemethods.

Crushedmaterialwasexchangedwithhydrothermalsolutionscontainingtracerisotopes

andtracer-diffusioncoefficientsweredeterminedassumingeithersphericalorcylindrical

geometryofthesinglegrains,systematicallyoverestimatingtheactualdiffusioncoef-

ficients.Furtherthefastestdiffusion,whichisin[101]-direction,woulddominatethis

kindofexperimentsothatslowerinterdiffusionratesinothercrystallographicdirections

wouldnotbecomparabletothetheoreticalvaluescalculatedbasedonthesetracer-

diffusioncoefficients. Wilangowski(2013)recentlyconductedastudyontheanisotropy
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ofsodiumtracer-diffusioninVolkesfeldsanidine. Theyfoundapronounceddirection-

dependenceoftracer-diffusionatT<800◦C;athighertemperaturestheanisotropyis

onlysubtle.Experimentstodeterminethecompositiondependenceofsodiumtracer-

diffusioninthecompositionrange0.85≤XOr ≤1areplanned. Furtherstudiesto

determinetheanisotropyofthetracer-diffusionofpotassiumwouldbeofinterest.

AsalreadynotedinthecomparisontotheresultsbyChristoffersenetal.(1983)there

isadeviationofthedirectlydetermineddataofthisstudyfromthetrendsobtained

fromthedirectdeterminationsofChristoffersenetal.(1983)andalsofromwhatis

predictedbythetheoreticalinterdiffusionmodelusingthetracer-diffusioncoefficients

fromKasper(1975)andFoland(1974).Inthecompositionrange0.65≤XOr≤0.80,

boththeolderstudyandthetheoreticalcalculationpredictasignificantincreasein

interdiffusionrateswhereasthenewdatashowsminutetonocompositiondependence

ofD.Aninterdiffusioncoefficientindependentofcompositionwouldbepredictedfrom

equation3.22,ifD∗Na≈D
∗
K≈const.Suchasituation,would,however,notpredictthe

pronouncedincreaseofDinthecompositionrangeof0.95≤XOr≤1.00.

Thesedifferencesbetweenthetheoreticalcalculationsandthedirectdeterminations

canmostlikelybeexplainedbytwodifferentsodiumspeciescontributingtosodium-

potassiuminterdiffusioninalkalifeldspar.ItssmallsizeallowsNa+ ionstooccupy

interstitialpositions(Petrovíc,1972;Christoffersenetal.,1983;GilettiandShanahan,

1997).Ononehand,theinterstitialNa+couldmakeafast-diffusingNa-speciesbyanin-

terstitialcymechanism(Petrovíc,1972;Christoffersenetal.,1983;GilettiandShanahan,

1997).Ontheotherhand,suchinterstitialNa+couldcharge-balancevacanciesonthe

regularalkalilatticesites,andbythismechanismleadtoformationofvacanciesonthe

alkalisublatticewhichwouldenhancesodium-potassiuminterdiffusionbythevacancy

mechanism.ThetotalconcentrationsofsuchinterstitialNa+isprobablyverylow,irre-

spectiveofthecompositionofthealkalifeldspar.TowardshighXOr,however,whenthe

totalsodium-concentrationinthefeldsparbecomeslow,theinterstitialNa+mayform

asubstantialfractionofthetotalsodiumcontainedinthefeldspar.Bythismechanism

theself-diffusionofsodiumwouldincreaseconsiderablytowardshighpotassiummole

fractionsinthealkalifeldspar,resultingintheobservedconsiderableriseofthesodium-

potassiuminterdiffusioncoefficient.Thiswouldalsoexplainthestrongercompositional

localisationofthesteepincreaseascomparedtothetheoreticalcalculations,asthese

fastmovingsodiumspecieswouldonlyconstituteavolumetricallysignificantfraction

ofthetotalsodiumwhentheoverallconcentrationofsodiumisverylow.

Thestrongerlocalisationmayalsopartiallybeduetocoherencystrainacrossthedif-

fusionfront.Asaconsequenceofthestrongcompositiondependenceandanisotropyof

thelatticeparametersinalkalifeldsparseveryshiftincompositioncausesadistortion



Discussion 89

0 0.2 0.4 0.6 0.8 1
10
-18

10
-17

10
-16

10
-15

10
-14

10
-13

10
-12

Dideal

D
non-ideal

X
Or

l
o
g 
(
D/
 [
m
/s
])

2

1000°C

D*
Na

D*
K

Christoffersen et al (001)⊥
Christoffersen et al (010)⊥
⊥(001) 1000°C
⊥(010) 1000°C
⊥(001) converted from 850°C
⊥(010) converted from 850°C

ofthelatticeandthuscoherencystress. Thiscoherencystressislocalisedwithinthe

diffusionfronttovaryingdegrees,which,especiallyinthecaseoftheverynarrowfronts

normalto(010),mayhaveaneffectonthediffusionpathways(comparechapter8.2).

Coherencystressmayalsoexplainthediscrepanciesbetweentheresultsgainedfrom

experimentswithlargerandsmallershifts(comparechapter7.3.2). Forexperiments

withsmallershiftsthelatticeparametersdonotchangeassignificantly,leadingtoa

lesssignificantdistortionofthelattice. Forexperimentswithconsiderablechangein

compositionthelatticedistortionappearstoinfluencethepathwaysandhinderthe

movementofthecations,leadingtolowerinterdiffusioncoefficients.

Figure8.3:Comparisonoftheexperimentalresultswithatheoreticalinterdiffusion
modelbasedontheNernst-Planckequation,andwithliteraturedatabyChristof-
fersenetal.(1983);thetheoreticalvalueswerecalculatedusingtracer-diffusioncoeffi-
cientsforsodiumandpotassiumdeterminedbyFoland(1974)andKasper(1975)

8.5 ArrheniusRelation

Thetemperaturedependenceofthesodium-potassiuminterdiffusioncoefficientisde-

scribedbytheArrheniusrelation(equation3.49).Duetothecompositiondependence

oftheinterdiffusioncoefficient,thepre-exponentialfactorD0isnotconstantbutafunc-

tionofcompositionaswell.Basedondataforexperimentsat800◦C,850◦C,950◦Cand
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1000◦C,theactivationenergyandpre-exponentialfactorweredeterminedatdifferent

compositionsas

D
⊥(001)
0 (0.92)=4.63·10−8m2/s, E

⊥(001)
A (0.92)=179kJ/mole
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ThecorrespondingArrheniusdiagramisshowninfigure8.4.

Figure8.4:Temperaturedependenceoftheinterdiffusioncoefficientfordirections
perpendicularto(001)andperpendicularto(010)andfortwocompositions;thedata
forDat920◦arenottakenintoaccountforthecalculations

Infigure8.5thedirectdeterminationsoftheinterdiffusioncoefficientfromthisstudyand

thosebyChristoffersenetal.(1983)arecomparedwithexperimentaldeterminationsof

thesodiumandpotassiumtracer-diffusioncoefficientstakenfromliterature.Although

thevariousdeterminationsofthetracer-diffusioncoefficientsshowconsiderablescatter,

itisnonethelessobviousthatpotassiumtracer-diffusionisslowerthansodiumtracer-

diffusion.ActivationenergiesdeterminedfromexperimentaldataforNa-Kinterdiffusion

areintherangeofthosedeterminedforsodiumandpotassiumtracer-diffusion.Interms

ofabsolutevaluethedatafromthisstudyagreewiththosebyChristoffersenetal.(1983)

reasonablywell.
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Figure8.5:Arrheniusplotofavailableliteraturedatafortracer-andinterdiffusion
coefficientsaswellastheinterdiffusiondatafromthisstudydeterminedatXOr 0.92
and0.98;1-DNa/K⊥(001)(XOr =0.92)-thisstudy;2-DNa/K⊥(010)(XOr =0.92)
-thisstudy;3-DNa/K⊥(001)(XOr =0.98)-thisstudy;4-DNa/K⊥(010)(XOr =
0.98)-thisstudy;5-DNa/K⊥(001)-Christoffersenetal.(1983);6-DNa/K⊥(010)
-Christoffersenetal.(1983);7-D∗Na-Petrovíc(1972);8-D

∗
Na-Maury(1968);9-

D∗Na-Sippel(1963);10-D
∗
Na-Foland(1974);11-D

∗
Na-Kasper(1975);12-D

∗
Na

-Bailey(1971);13-D∗Na-LinandYund(1972);14-D
∗
Na ⊥(001)- Wilangowski

(2013);15-D∗Na ⊥(010)- Wilangowski(2013);16-D
∗
K-Petrovíc(1972);17-D

∗
K

-LinandYund(1972);18-D∗K-Gilettietal.(1974);19-D
∗
K-Kasper(1975);20-

D∗K-Foland(1974);21-D
∗
K-GilettiandShanahan(1997)

8.6 Diffusion Mechanisms

Themechanismsofdiffusioninfeldsparsarenotyetfullyunderstood,althoughanumber

ofauthorsmadeconsiderationsinthisregard. Detaileddiscussionscanbefoundin

Petrovíc(1972),Foland(1974),Christoffersen(1982)andBehrensetal.(1990).

Thelargecationsaremainlylocatedinlargecavitiesinthefeldsparstructurebetween

theinterlinkedcrankshaft-likechainsandarethusseparatedbythebulkyframework

ofthestructure. Themostlikelyinterstitialsitesthatlargecationscanoccupyare

(0,0,12)anditsequivalents,asinthesepositionsthecationsarestillwellshieldedfrom

eachother(Petrovíc,1972). Twoofthesepositionsexistperunitcellofsanidine.In

b-directionjumpsoflargecationsfromoneofthesesitestotheotherarehinderedby
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thestructure.Astheinterstitialmechanismisthusunlikelytobeofsignificanceinthis

direction,ithastobeassumedthatcationsdiffusebyavacancymechanism. Onthe

otherhand,movementbetweentheseinterstitialsitesiswellpossibleinthea-c-plane

duetothechannel-likestructures,thelargestofwhichrunparallelto[101].Thiscould

explaintheobservationofinterdiffusionbeingsignificantlyfasterinthisdirection.

Generallystudiesagreeinassumingthattheself-diffusionofpotassiumismostlycon-

trolledbyavacancymechanism,whilesodiumself-diffusionisusuallyassumedtooccur

mainlybyaninterstitialmechanism.Thebasisoftheseassumptionsaretherelatively

lowactivationenergies,thesignificantdifferenceintheratesoftracer-diffusionofpotas-

siumandsodium,andobservationsofchangesindiffusivityrateswithchangesinthe

defectconcentrationofthestartingmaterial(Petrovíc,1972;Christoffersen,1982).

TheactivationenergiesaretoolowfordiffusiontoinvolvebreakingofSi,Al-Obonds.

Thusthecationsareassumedtodiffusethroughanintact,coherentAl-Si-framework

(Christoffersen,1982).Thisisfurthersupportedbywaterhavingnoapparenteffecton

thediffusivities(Christoffersenetal.,1983;GilettiandShanahan,1997). Verysimilar

resultsfortracer-diffusioncoefficientsofbothpotassiumandsodiumhavebeenobserved

inavarietyofstartingmaterials.Asitisunlikelythatallfeldsparsusedhadthesame

concentrationofimpurities,defectsandvacanciesitisinterpretedthatdiffusionrates

arenotextrinsicallycontrolled(Petrovíc,1972).Thefactthatsodiumtracer-diffusion

isconsiderablyfasterthanpotassiumtracer-diffusiongivesrisetotheassumptionthat

theyhavetobecontrolledbydifferentmechanisms.ThesmallersizeoftheNa+cation

shouldallowittooccupyinterstitialpositions,whilepotassiumisunlikelytofitonthese

positionsandwouldbelimitedtodiffusionbyavacancymechanism;theoreticallydif-

fusionbyvacancyincombinationwithaninterstitialmechanismshouldbepossiblefor

sodium.Anotheroptionforsodiumself-diffusionwouldbeaninterstitialcymechanism;

foracomplexstructurelikethatofthefeldsparitisverydifficulttodistinguishbetween

thesetwomechanisms.Theseemingincommensuratenessofthealmostconstantinter-

diffusionratesforintermediatecompositionandpronouncedriseathighXOrindicates

thatasinglediffusionmechanismisnotsufficienttoexplainthediffusionbehaviourof

thecationsandthatacombinationofseveralmechanismshastobeconsidered,espe-

ciallyforthesmallerNa+.

Behrensetal.(1990)observedadecreaseofNa-diffusivitywithincreasingoxidationof

iron.Asincreasingoxidationincreasesthenumberofvacanciestheyconcludethatthese

arenottheratelimitingfactorforsodium-diffusion.Instead,thenumberofinterstitial

positionsavailableseemstoberelevant,whichisinaccordancewiththetheoriesfound

inotherstudies.
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8.7 InfluenceoftheStarting Material

Thetwosanidinesusedasstartingmaterialfortheexperimentsdiffer,asidefromtheir

initialXOr,intheirbariumcontent. Withupto1.5wt-%theRockeskyllmaterialcon-

tainsuptotwicetheamountofbariumfoundintheVolkesfeldsanidine(max1wt-%).

Inliteratureitismostlyassumedthatdiffusionofpotassiuminfeldsparsiscontrolled

byavacancymechanism,whilesodiummainlydiffusesbyaninterstitialmechanism

(Petrovíc,1972;HokasonandYund,1986;Zhang,2010). Duetotherequirementof

chargeneutralitythepresenceofdivalentcationslikeBa2+shouldleadtoahighercon-

centrationofvacancies.ThisinturnshouldraisetheprobabilityforNa+andespecially

K+ tojumpintoaneighbouringvacancyandthusraisetheinterdiffusioncoefficient.

ResultingfromtheseconsiderationsitwouldbeexpectedthatNa-K-interdiffusionis

slightlyfasterinthesanidinefromtheRockeskyllerKopf. Badiffusionitselfisabout

threeordersofmagnitudeslowerthandiffusionofpotassiumalthoughbothhavesimilar

ionicradii,whichislikelytobeexplainedbyitshighercharge,whichrequirescoupled

movementofthecationswithSi/Alorvacanciestoensurechargebalance(Cherniak,

2001).

Withinerroroftheavailabledatanoincreaseintheinterdiffusioncoefficientforthe

Rockeskyllsanidinecouldbeobserved.However,thestartingmaterialfromtheRock-

eskyllerKopfwasobservedtobemuchmoresusceptiblefordamageduringtheexper-

imentsandespeciallypreparationthantheVolkesfeldsanidineusedforthebulkofthe

experiments. Mostsamplesshowedseverelychippededges,makingmeasuringfullpro-

fileshardandleadingtoadiminishmentinthequalityofthemeasureddata. Thus

thenumberofprofilesthatwaschosenforfurtheranalysisisverysmallcomparedto

thedatasetavailableforVolkesfeldsanidine. Thismakesacomparisonbetweenthe

interdiffusioncoefficientsofthetwostartingmaterials,andthusanestimationofthe

influenceofthehigherBa-contentsoftheRockeskyllerKopfmaterialoninterdiffusion,

ratherdifficult.
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Conclusions

Exchangeexperimentsbetweengem-qualitysanidinefromtwolocalitiesintheEifel

(Volkesfeld,XinitialOr 0.85andRockeskyllerKopf,XinitialOr 0.72)andsaltmeltsallowedthe

determinationofnewdataonNa-K-interdiffusioninthecompositionrange0.65≤XOr≤

1.00. Theexperimentswerecarriedoutinthetemperaturerangebetween800and

1000◦Candchemicalprofilesweremeasuredinthebandc∗-directionsofthefeldspar.

At850◦Cadditional measurementsindirectionscontainedinthea-b-,a-c-andb-c-

planessupplieddatatodeterminethefulldiffusivitytensorforVolkesfeldsanidinein

thecompositionrange0.85≤XOr ≤0.97. Duringcationexchangetheformationof

acore-rimstructurecanbeobserved. Theouterrimofthefeldsparisinequilibrium

withthesurroundingmeltwhilethecoreareastillretainstheoriginalcomposition.The

transitionbetweenrimandcorecanbeinterpretedasdiffusionfrontsbecauseinasingle

crystalcationexchangenecessitatesinterdiffusion. Differentshapesofdiffusionfronts,

andcharacteristicfeaturesdevelopdependingondirectionandextentofthecomposition

shift.IfcationexchangeshiftsthefeldsparcompositiontoXOr >0.95,thediffusion

profileexhibitstwoplateauscorrespondingtotheexchangedriminequilibriumwith

themeltandthecompletelyunexchangedcore,respectively.Betweentheseplateausan

exchangefrontdevelopswithaninflectionpointthatprogressesintothecrystalwith

t1/2. Thewidthofthisdiffusionfrontvariesgreatlywiththeextentofchemicalshift

andcrystallographicdirection. Verywideandshallowdiffusionprofileswereobserved

paralleltothea-andc∗-axesofthecrystal.Thesharpestprofilesarealwaysfoundin

b-direction.

Thesharpestprofiles,however,donotmarkthedirectionofslowestinterdiffusion.The

fastestandslowestdirectionofinterdiffusionarebothcontainedwithinthea-c-plane,

paralleltothe[101]-directionandperpendiculartoit(≈[10̄2]),respectively.Themost

likelyexplanationforthisarechannel-likestructuresformedbycavitiesbetweenthe

95



Conclusions 96

interconnectedcrankshaft-chainsformingthebuildingblocksofthefeldsparstructure.

Thelargestofthesechannelsarefoundparallelto[101],facilitatingthemovementof

cationsinthisdirection;nosuitablechannelsexistwithinthea-c-planeat90◦tothe

[101]-direction.

Thesharpnessofthediffusionfrontsnormalto(010)ismostlikelyaproductoftheeffects

ofself-stressproducedbythecompositionstrainassociatedwithcationexchange.The

stresspatternandlatticedistortionacrosstheverysharpfrontsdevelopinginb-direction

andtheshallowerprofilesfordirectionswithinthea-c-planeweredocumentedusing

EBSDcombinedwiththecrosscorrelationmethod.Thestrainchangesgraduallyacross

theshallowfrontnormalto(001)withasuccessivedilationprimarilyinthea-direction,

whichisinaccordancewithcompositionstraininanunstressedalkalifeldspar. For

thesharpdiffusionfrontshowever,apronounceddilationintheb-directionislocalised

atthediffusionfrontandisfollowedbyaslightexpansioninthea-directioninthe

exchangedpotassium-richrim.Thisstraindistributiondoesnotconferwithwhatwould

beexpectedfromtheanisotropyofthecompositiondependenceofthelatticeparameters.

Itcanbeexplainedbythemechanicalcouplingofthethinmisfittingsurfacelayerand

themechanicallymuchstrongersubstratum.Itishypothesizedthatthelocalisationof

thelatticedistortionatthediffusionfrontmayhaveaninfluenceondiffusionpathways,

andpossiblyreducescomponentmobilityacrossthediffusionfront,leadingtoaself-

sharpeningfeedback.

Duringshiftstowardsmoresodium-richcompositiontheassociatedcoherencystrain

leadstothedevelopmentofaregularcracksystemwithsub-parallelcracksfollowing

thegeneralcrystallographicdirection(h0l). Thecracksopenroughlynormaltothe

directionofmaximumtensilestress. Aslightdeviationfromthiscanbeexplainedby

theanisotropyoftheelasticpropertiesofthefeldspar.Theexchangefrontdeveloping

inthiscaselackstheinflectionpointobservedforshiftstowardsmorepotassium-rich

compositions.Itwasdeterminedthatthecriticalshifttoinducefracturingis9mole-%,

correspondingtoacriticalstressofabout350MPa.

TheinterdiffusioncoefficientwasextractedusingBoltzmann’smethod. Apronounced

compositiondependenceoftheinterdiffusioncoefficientDwasdocumented.Disalmost

independentofcompositioninthecompositionrange0.65≤XOr≤0.95.ForXOr>

0.95theinterdiffusioncoefficientshowsasharpincreasetowardsthepurepotassiumend-

membercomposition.Na-K-interdiffusionismarkedlyanisotropicwithinterdiffusionin

c∗-directionbeing5to10timeslargerthaninb-direction,thedifferencedecreasingwith

increasingtemperature.Inthetemperaturerangeof800to1000◦CNa-K-interdiffusion

inVolkesfeldsanidinefollowsanArrheniuslawwith

D
⊥(001)
0 (0.92)=4.63·10−8m2/s, E

⊥(001)
A (0.92)=179kJ/mole



Conclusions 97

D
⊥(001)
0 (0.98)=1.66·10−7m2/s, E

⊥(001)
A (0.98)=181kJ/mole

D
⊥(010)
0 (0.92)=1.97·10−4m2/s, E

⊥(010)
A (0.92)=286kJ/mole

D
⊥(010)
0 (0.98)=3.27·10−4m2/s, E

⊥(010)
A (0.98)=277kJ/mole.

ThecompositiondependenceoftheinterdiffusioncoefficientfitsliteraturedatabyChristof-

fersenetal.(1983)quitewellsothatnowthecompositiondependenceofthesodium-

potassiuminterdiffusioncoefficientisknownfromdirectdeterminationsforthecompo-

sitionrange0.1≤XOr≤1.00.

NodifferencesbetweenVolkesfeldsanidineandRockeskyllsanidinecouldbedocu-

mented,althoughtheRockeskyllsanidinehasahigherBa-content,whichisassociated

withahigherconcentrationofvacanciesduetotherequirementofchargebalance,and

mightthushavebeenexpectedtoleadtofasterinterdiffusionrates.

Theresultsforinterdiffusionratesdeviatemarkedlyfromtheoreticalcalculationswith

theNernst-Planck-relationusingsodiumandpotassiumtracer-diffusioncoefficientsde-

terminedbyFoland(1974)andKasper(1975). Especiallyparalleltotheb-direction

interdiffusionratesaresignificantlyslowerthanindicatedbythemodel. Thismaybe

causedbythetheoreticalcalculationsrelyingontracer-diffusiondatafromtheliterature

whichweremainlydeterminedwithbulkexchangedmethodsorinanalyseswithlimited

depthresolutionandnodiscriminationbetweencrystallographicdirections.Newvalues

fortracer-diffusionwouldberequiredtolookintothis.Firsteffortsinthisregardwere

madeby Wilangowski(2013).

ThestrongcompositionallocalisationofthesteepriseininterdiffusionratesforXOr>

0.95,even morepronouncedthanpredictedbythe model,andthealmostconstant

interdiffusionratesinthecompositionrange0.65≤XOr≤0.95cannotbereproduced

withintheconstraintsofthemodelused. TheNernst-Planckrelationonlyaccounts

foronetypeofdiffusingspecies,thusitseemslikelythatseveralspeciesofsodiumare

relevantathighXOr.
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AppendixA

Abstract/Kurzfassungund

Lebenslauf

Abstract

Cationexchangeexperimentsbetweengem-qualitysanidinefromtwolocalitiesinthe

EifelwithdifferentinitialcompositionsofXinitialOr 0.85(Volkesfeld)andXinitialOr 0.72

(RockeskyllerKopf),andNa-K-bearingsaltmeltswereconducted. Exceptforsome

initialexperimentsusingcrushedmaterialthematerialwaspreparedascrystallographi-

callyorientedplateswithpolishedsurfacescorrespondingtothe(010)and(001)planes

ofthefeldspar.Forsomeadditionalexperimentsfurthercrystallographicorientations

wereprepared,allowingthedeterminationofthefulldiffusivitytensorforVolkesfeld

sanidineat850◦Cinthecompositioninterval0.85≤XOr≤0.97.

Cationexchangeleadstotheformationofacore-rimstructure;anexchangedrimin

equilibriumwiththemeltisseparatedfromanunexchangedcorebyadiffusionfront.

Thegeometryandsharpnessofthesediffusionfrontsdependsoncrystallographicdirec-

tionandtheextentofthecompositionshift,i.e.thechemicaldifferencebetweenthe

exchangedandunexchangedportionsofthecrystal.

Forshiftstowardsverypotassium-richcompositions(XOr>0.95),thediffusionprofileis

characterisedbytwoplateauscorrespondingtotherimandcore,respectively.Between

theseplateausadiffusionfrontwithaninflectionpointpropagatingintothecrystalwith

t1/2canbeobserved.Diffusionfrontsparalleltobareverysharp,whilefrontsparallel

toc∗arecomparativelyshallow.Thesharpnessoftheinterdiffusionprofilesnormalto

(010)indicatesthatinterdiffusionmightbeinfluencedbycoherencystressdeveloping

acrossthediffusionfronts. EBSDincombinationwiththecrosscorrelationmethod
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allowsthedeterminationofthefullstraintensorfromshiftsinEBSDKikuchipatterns.

Itwasusedtodocumentstrainpatternsandlatticedistortionacrossbothsharpand

shallowdiffusionfronts.

Ashifttowardsmoresodium-richcompositionsleadstotheformationofasystemofsub-

parallelcracksin(h0l)duetocoherencystresscausedbythecompositiondependence

ofthelatticeparametersoffeldspar.Inthiscasethediffusionfrontsdonothavean

inflectionpoint.

Thegeometryoftheobserveddiffusionfrontscanbeexplainedwithacompositionde-

pendentinterdiffusioncoefficientD(XOr).ThecompositiondependenceofDparallelto

bandc∗wasextractedfrommeasureddatainthecompositioninterval0.65≤XOr≤

0.99usingBoltzmann’stransformation.At850◦Cinterdiffusionratesareroughlycon-

stantinthecompositionrange0.65≤XOr≤0.95andthenrisesteeply.Interdiffusion

normalto(001)issignificantlyfasterthannormalto(010),thedifferencedecreasing

withincreasingtemperature.

UsingtheNernst-Planckequationforioniccrystals,atheoreticalcompositiondepen-

denceoftheinterdiffusioncoefficientwascalculatedfromtracer-diffusiondatafoundin

literature(Foland,1974;Kasper,1975). Comparisonoftheextracteddatawiththese

theoreticalvaluesshowedthatinterdiffusionhasroughlythesametrendincomposition

dependence,butturnsouttobeslowerthanpredicted. WhileDisonlyslightlylowerat

agivencompositionforinterdiffusionnormalto(001),valuesforDnormalto(010)are

lowerbymorethanafactoroften.Further,forintermediatecompositionsthedataof

thisstudydoesnotshowacompositiondependence,althoughasignificantdependence

ispredictedbyboththetheoreticalcalculationsandolderdirectdeterminationsofD

byChristoffersenetal.(1983).

Theseeminginconssumeratenessofthealmostconstantinterdiffusionratesatinterme-

diatecompositionsandthesteepriseforXOr >0.95indicatesthatseveralspeciesof

sodiummaybepresentwhichmovebydifferentdiffusionmechanisms.
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Kurzfassung

Eswurden KationenaustauschexperimentezwischenSanidinvonzweiverschiedenen

LokaliẗateninderEifelmitAusgangszusammensetzungenvonXinitialOr 0.85(Volkesfeld)

undXinitialOr 0.72(RockeskyllerKopf)undNa-K-haltigenSalzschmelzendurchgef̈uhrt.

DerSanidinwurde,nachanf̈anglichenVersuchen mitStreupr̈aparaten,inFormvon

kristallographischorientiertenPl̈attchenpr̈apariert,derenpolierteFl̈achenden(010)

oder(001)Fl̈achendesFeldspatesentsprechen. F̈ureinigeVersuchewurdenweitere

kristallographischeRichtungenpr̈apariert,wodurchdervollsẗandigeDiffusiviẗatstensor

f̈urdenVolkesfelderSanidinimKompositionsbereich0.85≤XOr≤0.97bei850
◦Cbes-

timmtwerdenkonnte. DieZusammensetzungderSchmelze,dieTemperatur(800bis

1000◦C)unddieLaufzeit(1bis64Tage)wurdensystematischvariiert,umihrenEinfluss

aufdieInterdiffusiondokumentierenzuk̈onnen.

DurchdenKationenaustauschentstandeineKern-Rand-Struktur;einausgetauschter

RandbereichimGleichgewichtmitderSchmelze,getrenntvoneinemunausgetauschten

KerndurcheineDiffusionsfront.DieGeometrieundScḧarfedieserDiffusionsfrontsind

abḧangigvonderkristallographischenRichtungunddemUnterschiedinderabsoluten

ZusammensetzungzwischendenausgetauschtenundunausgetauschtenBereichendes

Kristalles.

F̈urVerschiebungenzusehrK-reichenZusammensetzungen(XOr >0.95)zeigendie

DiffusionsprofilezweiPlateaus,diemitdemausgetauschtenRandundeinemunausge-

tauschtenKernbereichderProbekorrelieren. ZwischendiesenPlateausbefindetsich

eineDiffusionsfrontmiteinem Wendepunkt,diemitt1/2propagiert. Diffusionsfronten

parallelzurb-RichtungsinddeutlichscḧarferalsFrontenparallelzuc∗. DieScḧarfe

derInterdiffusionsprofilesenkrechtauf(010)deutetdaraufhin,dassInterdiffusionvon

Koḧarenzstressbeeinflusstwird,dersichüberdieFrontenhinwegdurchdenKatione-

naustauschergibt.EBSDinKombinationmitderCrossCorrelationMethodeerlaubt

dieBestimmungdesvollenStrain-TensorsaufBasisvonrelativenVerzerrungeninEBSD

KikuchiPatterns.Siewurdegenutzt,umdieStressverteilungundGitterverzerrung̈uber

sowohleinescharfealsaucheineweicheFronthinwegzudokumentieren.

EineVerschiebungRichtungNa-reichererKompositionenf̈uhrtaufGrundvonauftre-

tendenKoḧarenzspannungenzurAusbildungeinesSystemssubparalleler,regelm̈aßiger

Rissein(h0l).IndiesemFallzeigtdiesichentwickelndeDiffusionsfrontkeinen Wen-

depunkt.

DieGeometriederbeobachtetenDiffusionsfrontenkannmiteinemkompositionsabḧangingen

InterdiffusionskoeffizientenD(XOr)erkl̈artwerden. MitHilfederBoltzmannTransfor-

mationwurdedieZusammensetzungsabḧangigkeitvonDausdengemessenenDatenim
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Zusammensetzungsbereich0.65≤XOr≤0.99parallelzubundc
∗extrahiert.Bei850◦C

istdieInterdiffusionimZusammensetzungsbereich0.65≤XOr≤0.95nahezukonstant,

bevorsief̈urḧohereXOrstarkansteigt.DieInterdiffusionsenkrechtauf(001)istdabei

deutlichschnelleralssenkrechtauf(010),wobeiderUnterschiedmitzunehmenderTem-

peraturkleinerwird.

MitHilfederNernst-PlanckGleichungf̈urionischeKristallewurdederInterdiffusion-

skoeffizientausinderLiteraturvorhandenenTracerdiffusionskoeffizienten(Foland,1974;

Kasper,1975)berechnet.EinVergleichderextrahiertenDatenmitdiesentheoretisch

berechnetenzeigte,dasszwarein̈ahnlicherTrendzubeobachtenist,dieWertef̈urInter-

diffusionsenkrechtauf(001)jedochbeieinergegebenenZusammensetzungetwasunter

dentheoretischenliegenund Wertef̈urInterdiffusionsenkrechtauf(010)mehralseine

Gr̈oßenordnunglangsamersind. WeiterhinzeigendieDatendieserStudiebeinahekeine

KompositionsabḧangigkeitdesInterdiffusionskoeffizientenf̈urintermedïareXOr,obwohl

diesenachdentheoretischenBerechnungenundauchdurchältereBestimmungenvon

Christoffersenetal.(1983)zuerwartenẅare.

DiescheinbareUnvereinbarkeiteinesbeinahekonstantenInterdiffusionskoeffizientenbei

mittlerenZusammensetzungenunddemstarkenAnstiegderInterdiffusionratebeiXOr>

0.95,deutetdaraufhin,dassmehrereNatriumspeziesanderDiffusionbeteiligtsind,die

sichmitunterschiedlichenDiffusionsmechanismenbewegen.
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Lebenslauf

Pers̈onlicheDaten
Name: Anne-KathrinScḧaffer
Geburtsdatum: 05.06.1986
Geburtsort: Herdecke
Adresse: AmHermannsbrunnen1,D-58239Schwerte

Schulbildung
1992-1996 GrundschuleErgste,Schwerte
1993-1999 Friedrich-B̈ahrensGymnasium,Schwerte
Abschluss: Abitur

AkademischeLaufbahn
2005-2008 Ruhruniversiẗat,Bochum
Abschluss: B.Sc. GeowissenschaftenamInstitutf̈urGeologie, Miner-

alogieundGeophysik
ThemaBachelorarbeit:UntersuchungzuAufbauundErup-
tionderVulkaneRockeskyllerKopfundBaarleyinderWest-
eifel(Lokaliẗat4)

2008-2010 Ruhruniversiẗat,Bochum
Abschluss: M.Sc. GeowissenschaftenamInstitutf̈urGeologie, Miner-

alogieundGeophysik
Thema Masterarbeit: Microfabricsandfossiliferoushigh
pressure-lowtemperaturemarblesatLivadia,westernCrete

seit2011 PromotionimRahmenderForschergruppe741anderUni-
versiẗat WienmitdemTitel:AlkaliInterdiffusioninAlkali
feldspars

BerufserfahrungundPraktika
02/2007-04/2010 studentische HilfskraftamInstitutf̈ur Sedimentologie,

RuhruniversiẗatBochum
07/2007-09/2007 PraktikumbeimInstitutf̈urBodensanierung, Wasser-und

LuftanalytikGmbH,Iserlohn
02/2008-03/2008 PraktikumbeimInstitutf̈ur WasserforschungGmbH,Dort-

mund





AppendixB

Data

115



AppendixB.Data 116

T
a
b
l
e
B.
1:
Digest

of
all
data

for
tracer-

a
n
d
i
nter
di
ff
usio
n
i
n
al
kali
fel
ds
pars
fo
u
n
d
i
n
literat

ure

St
arti
n
g

M
at
eri
al

I
niti
al

C
o
m
p
ositi

o
n

T
r
a
c
er

Is
ot
o
p
e

T
[
◦
C
]
 

P
[
M
P
a]

E
a
[k
J
/
m
ol
e
]

D
0
[m
2
/
s
]

D
∗

[c
m
2
/
s
]

at
8
5
0
◦
C

E
x
p
eri
m
e
nt
al
Pr
o
c
e
d
ur
e

R
ef
er
e
n
c
e

S
elf-

Di
ff
usi
o
n

l
o
w
al
bit
e

A
b
1
0
0

2
2
N
a

2
0
0-
6
0
0 

2
0
0

7
9.
4

2.
3
1
E-
1
0

4.
7
1
0
8
E-
1
0 

Li
q
ui
d-s
oli
d
e
x
c
h
a
n
g
e

Li
n
a
n
d
Y
u
n
d
(
1
9
7
2)

p
ur
e
mi
cr
o
cli
n
e
 

Or
1
0
0

4
0
K

6
0
0-
8
0
0 

5
0
-
2
0
0 

2
9
3
±
8

1.
3
4
0
E-
2

3.
2
2
4
4
E-
1
2 

li
q
ui
d-s
oli
d
e
x
c
h
a
n
g
e

Li
n
a
n
d
Y
u
n
d
(
1
9
7
2)

a
d
ul
ari
a

Or
8
6

N
a

7
4
5-
1
0
5
1

2
1
3.
2

3.
0
0
E-
0
5

3.
6
9
4
7
E-
1
1 

cr
yst
al-
m
olt
e
n
s
alt,

E
P
M
A

P
etr
o
ví
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TableB.2:Overviewovertheprofileswithdifferentruntimesthatwerereducedto
onedatasetbyintroductionofthesimilarityvariable

T[◦C] XsaltK XeqOr b c∗

Vo
l
k
es
fe
l
d

800 0.48 0.80 2x32d 2x32d
1.00 1.00 4x32d 2x32d

850 0.30 0.70 2x4d,1x8d 2x4d,2x8d,2x16d
0.35 0.92 2x8d -
0.60 0.97 1x1d,1x4d 2x1d,3x4d
0.85 0.73 1x4d,1x8d,1x16d
1.00 1.00 1x4d,3x8d,2x16d,1x64d 3x1d,2x4d,x8d

920 1.00 1.00 1x1d,1x2d,1x4d,1x8d 1x1d,1x2d
950 1.00 1.00 2x2d 2x2d
1000 1.00 1.00 2x2d 1x2d

Ro
c
ke
s
k
yl
l

800 0.37 0.65 - 2x32d
0.55 0.80 - 3x32d

850 0.22 0.45 1x8d 2x4d,2x8d,2x16d
0.50 0.85 2x4d,3x8d,2x16d 2x4d,2x8d,2x16d
1.00 1.00 3x8d 3x8d

920 0.28 0.52 1x2d 1x2d
0.50 0.82 2x2d 2x2d

950 0.50 0.81 1x1d 2x1d
1000 0.50 0.81 1x1d 1x1d
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TableB.3:Listofallconductedexperiments,V-Volkesfeld,R-Rockeskyll,No-
Numberonthinsection

Name No Thin

Section

Sample

Type

Run

Duration

[d]

Salt

Composition

T[◦C] Sample

Geometry

XeqOr

XKCl

S1-7-100-850 1 Sa1 V 7 1 850 crushed(200to400µm) 1

S1-7-90-850 2 Sa1 V 7 0.9 850 crushed(200to400µm) 0.98

S1-7-60-850 3 Sa1 V 7 0.6 850 crushed(100to200µm) 0.91

S1-7-30-850 4 Sa1 V 7 0.3 850 crushed(200to400µm) 0.71

S1-7-25-850 5 Sa1 V 7 0.25 850 crushed(200to400µm) -

S1-7-20-850 6 Sa1 V 7 0.2 850 crushed(200to400µm) -

S1-22-100-850 7 Sa2 V 22 1 850 crushed(200to400µm) 1

S1-22-90-850 8 Sa2 V 22 0.9 850 crushed(200to400µm) 0.98

S1-22-60-850 9 Sa2 V 22 0.6 850 crushed(200to400µm) 0.91

S1-22-30-850 10 Sa2 V 22 0.3 850 crushed(200to400µm) 0.71

S1-22-25-850 11 Sa2 V 22 0.25 850 crushed(200to400µm) -

S1-22-20-850 12 Sa2 V 22 0.2 850 crushed(200to400µm) -

XKBr

SM4B10 1 P1 V 28 1 850 crushed(100to200µm) 1

SM4B09 2 P1 V 28 0.9 850 crushed(100to200µm) 0.98

SM4B08 3 P1 V 28 0.8 850 crushed(100to200µm) 0.95

SM4B07 4 P1 V 28 0.7 850 crushed(100to200µm) 0.92

SM4B06 5 P1 V 28 0.6 850 crushed(100to200µm) 0.86

SM4B05 6 P1 V 28 0.5 850 crushed(100to200µm) 0.81

SM4B04 7 P2 V 28 0.4 850 crushed(100to200µm) 0.66

SM4B03 8 P2 V 28 0.3 850 crushed(100to200µm) 0.41

SM4B02 9 P2 V 28 0.2 850 crushed(100to200µm) 0.15

SM4B01 10 P2 V 28 0.1 850 crushed(100-200µm) 0.09

SM4B00 11 P2 V 28 0 850 crushed(100to200µm) 0

XKBr

SM0B00 A P3 V 4 0 850 crushed(100to200µm) -

SM0B10 B P3 V 4 100 850 crushed(100to200µm) -

XKCl

SP1-100-850 1 SP001A V 1 1 850 ⊥(001) 1

SP1-85-850 2 SP001A V 1 0.85 850 ⊥(001) 0.98

SP1-60-850 3 SP001A V 1 0.6 850 ⊥(001) 0.91

SP1-30-850 4 SP001A V 1 0.3 850 ⊥(001) -

SP1-30-850b 4n SP001A V 1 0.3 850 ⊥(001) 0.76

SP4-100-850 5 SP001A V 4 1 850 ⊥(001) 1

SP4-85-850 6 SP001A V 4 0.85 850 ⊥(001) 0.97

SP4-60-850 7 SP001A V 4 0.6 850 ⊥(001) 0.91

Continuedonthenextpage
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Name No Thin

Section

Sample

Type

Run

Duration

[d]

Salt

Composition

T[◦C] Sample

Geometry

XeqOr

SP4-30-850 8 SP001A V 4 0.3 850 ⊥(001) 0.7

SP8-100-850 9 SP001B V 8 1 850 ⊥(001) 1

SP8-85-850 10 SP001B V 8 0.85 850 ⊥(001) 0.98

SP8-60-850 11 SP001B V 8 0.6 850 ⊥(001) -

SP8-60-850b 11n SP001B V 8 0.6 850 ⊥(001) -

SP8-30-850 12 SP001B V 8 0.3 850 ⊥(001) 0.7

SP16-100-850 13 SP001B V 16 1 850 ⊥(001) 1

SP16-85-850 14 SP001B V 16 0.85 850 ⊥(001) 0.98

SP16-60-850 15 SP001B V 16 0.6 850 ⊥(001) 0.92

SP16-30-850 16 SP001B V 16 0.3 850 ⊥(001) 0.7

SP32-100-850 17 SP010B V 32 1 850 ⊥(001) 1

SP32-85-850 18 SP010B V 32 0.85 850 ⊥(001) -

SP32-60-850 19 SP010B V 32 0.6 850 ⊥(001) -

SP32-30-850 20 SP001C V 32 0.3 850 ⊥(001) 0.71

SP64-100-850 21 SP001C V 64 1 850 ⊥(001) 1

SP64-85-850 22 SP001C V 64 0.85 850 ⊥(001) -

SP64-60-850 23 SP001C V 64 0.6 850 ⊥(001) -

SP64-30-850 24 SP001C V 64 0.3 850 ⊥(001) -

SP3-100-920 25 SP001C V 3 1 920 ⊥(001) 1

SP3-85-920 26 SP001C V 3 0.85 920 ⊥(001)

SP3-60-920 27 SP001D V 3 0.6 920 ⊥(001)

SP3-30-920 28 SP001D V 3 0.3 920 ⊥(001) 0.6

SP8-100-920 29 SP001D V 8 1 920 ⊥(001) 1

SP8-85-920 30 SP001D V 8 0.85 920 ⊥(001)

SP8-60-920 31 SP001D V 8 0.6 920 ⊥(001)

SP8-30-920 32 SP001D V 8 0.3 920 ⊥(001)

SP32-100-920 33 SP001E V 32 1 920 ⊥(001) 1

SP32-85-920 34 SP001E V 32 0.85 920 ⊥(001)

SP32-60-920 35 SP001E V 32 0.6 920 ⊥(001)

SP32-30-920 36 SP001E V 32 0.3 920 ⊥(001) 0.6

SPb1-100-850 1 SP010A V 1 1 850 ⊥(010) 1

SPb1-85-850 2 SP010A V 1 0.85 850 ⊥(010) 0.97

SPb1-60-850 3 SP010A V 1 0.6 850 ⊥(010) 0.85

SPb1-30-850 4 SP010A V 1 0.3 850 ⊥(010) 0.78

SPb4-100-850 5 SP010A V 4 1 850 ⊥(010) 1

SPb4-85-850 6 SP010A V 4 0.85 850 ⊥(010) 0.96

SPb4-60-850 7 SP010A V 4 0.6 850 ⊥(010) 0.91

SPb4-30-850 8 SP010B V 4 0.3 850 ⊥(010) 0.73

SPb8-100-850 9 SP010B V 8 1 850 ⊥(010) 1

SPb8-85-850 10 SP010B V 8 0.85 850 ⊥(010) -

SPb8-60-850 11 SP010B V 8 0.6 850 ⊥(010) -

Continuedonthenextpage
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Name No Thin

Section

Sample

Type

Run

Duration

[d]

Salt

Composition

T[◦C] Sample

Geometry

XeqOr

SPb8-30-850 12 SP010B V 8 0.3 850 ⊥(010) 0.73

SPb16-100-850 13 SP010C V 16 1 850 ⊥(010) 1

SPb16-85-850 14 SP010C V 16 0.85 850 ⊥(010) -

SPb16-60-850 15 SP010C V 16 0.6 850 ⊥(010) -

SPb16-30-850 16 SP010C V 16 0.3 850 ⊥(010) 0.72

SPb32-100-850 17 SP010D V 32 1 850 ⊥(010) 1

SPb32-85-850 18 SP010D V 32 0.85 850 ⊥(010) -

SPb32-60-850 19 SP010D V 32 0.6 850 ⊥(010) -

SPb32-30-850 20 SP010D V 32 0.3 850 ⊥(010) 0.7

SPb64-100-850 21 SP010E V 64 1 850 ⊥(010) 1

SPb64-85-850 22 SP010E V 64 0.85 850 ⊥(010) -

SPb64-60-850 23 SP010E V 64 0.6 850 ⊥(010) -

SPb64-30-850 24 SP010E V 64 0.3 850 ⊥(010) -

SPb4-100-920 25 SP010F V 1 1 920 ⊥(010) 1

SPb4-85-920 26 SP010F V 1 0.85 920 ⊥(010) -

SPb4-60-920 27 SP010F V 1 0.6 920 ⊥(010) -

SPb4-30-920 28 SP010F V 1 0.3 920 ⊥(010) -

SPb8-100-920 29 SP010G V 8 1 920 ⊥(010) 1

SPb8-85-920 30 SP010G V 8 0.85 920 ⊥(010) -

SPb8-60-920 31 SP010G V 8 0.6 920 ⊥(010) -

SPb8-30-920 32 SP010G V 8 0.3 920 ⊥(010) -

SPb16-100-920 33 SP010H V 16 1 920 ⊥(010) 1

SPb16-85-920 34 SP010H V 16 0.85 920 ⊥(010) -

SPb16-60-920 35 SP010H V 16 0.6 920 ⊥(010) -

SPb16-30-920 36 SP010H V 16 0.3 920 ⊥(010) -

EP4-50-850 1 EP001A R 4 0.5 850 ⊥(001) 0.87

EP4-22-850 2 EP001A R 4 0.22 850 ⊥(001) -

EP8-50-850 3 EP001A R 8 0.5 850 ⊥(001) 0.86

EP8-22-850 4 EP001A R 8 0.22 850 ⊥(001) 0.58

EP8-100-850 5 EP001A R 8 1 850 ⊥(001) 1

EP16-50-850 6 EP001A R 16 0.5 850 ⊥(001) 0.87

EP16-22-850 7 EP001A R 16 0.22 850 ⊥(001) -

EPb4-50-850 8 EP010A R 4 0.5 850 ⊥(010) 0.86

EPb4-22-850 9 EP010A R 4 0.22 850 ⊥(010) -

EPb8-50-850 10 EP010A R 8 0.5 850 ⊥(010) 0.86

EPb8-22-850 11 EP010A R 8 0.22 850 ⊥(010) -

EPb8-100-850 12 EP010A R 8 1 850 ⊥(010) 1

EPb16-50-850 13 EP010A R 16 0.5 850 ⊥(010) 0.87

EPb16-22-850 14 EP010A R 16 0.22 850 ⊥(010) -

Continuedonthenextpage
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Name No Thin

Section

Sample

Type

Run

Duration

[d]

Salt

Composition

T[◦C] Sample

Geometry

XeqOr

SPb2-30-920 37 SP010i V 2 0.3 920 ⊥(010) -

SPb2-100-920 38 SP010i V 2 1 920 ⊥(010) 1

SPb2-30-950 39 SP010i V 2 0.3 950 ⊥(010) -

SPb2-100-950 40 SP010i V 2 1 950 ⊥(010) 1

SPb2-30-1000 41 SP010i V 2 0.3 1000 ⊥(010) -

SPb2-100-1000 42 SP010i V 2 1 1000 ⊥(010) 1

SP1-100-920 A Z1 V 1 1 920 ⊥(001) 1

EPb8-40-850 17 Z1 R 8 0.4 850 ⊥(010) -

EP8-40-850 18 Z1 R 8 0.4 850 ⊥(001) -

SPb32-100-800 43 SP001F V 32 1 800 ⊥(010) 1

SPb32-48-800 44 SP001F V 32 0.48 800 ⊥(010) 0.8

EP32-55-800 19 EP001C R 32 0.55 800 ⊥(001) 0.8

EP32-37-800 20 EP001C R 32 0.37 800 ⊥(001) 0.65

EPb32-55-800 21 EP001C R 32 0.55 800 ⊥(010) 0.83

EPb32-37-800 22 EP001C R 32 0.37 800 ⊥(010) 0.66

EP2-50-920 23 EP001B R 2 0.5 920 ⊥(001) 0.81

EP2-28-920 24 EP001B R 2 0.28 920 ⊥(001) 0.48

EP1-50-950 25 EP001B R 1 0.5 950 ⊥(001) 0.8

EP1-28-950 26 EP001B R 1 0.28 950 ⊥(001) -

EP1-50-1000 27 EP001B R 1 0.5 1000 ⊥(001) 0.8

EP1-28-1000 28 EP001B R 1 0.28 1000 ⊥(001) -

EPb2-50-920 29 EP010B R 2 0.5 920 ⊥(010) 0.82

EPb2-28-920 30 EP010B R 2 0.28 920 ⊥(010) 0.55

EPb1-50-950 31 EP010B R 1 0.5 950 ⊥(010) 0.81

EPb1-28-950 32 EP010B R 1 0.28 950 ⊥(010) -

EPb1-50-1000 33 EP010B R 1 0.5 1000 ⊥(010) -

EPb1-28-1000 34 EP010B R 1 0.28 1000 ⊥(010) -

SPtb8-100-850 45 Z2 V 8 1 850 ⊥(010) 1

SPtb8-35-850 46 Z2 V 8 0.35 850 ⊥(010) 0.73

SP32-100-800 47 SP001F V 32 1 800 ⊥(001) 1

SP32-48-800 48 SP001F V 32 0.48 800 ⊥(001) 0.82

SP2-100-950 49 SP001F V 2 1 950 ⊥(001) 1

SP2-100-1000 50 SP001F V 2 1 1000 ⊥(001) 1

SPAu8-100-850 C Z4 V 8 1 850 ⊥(001) 1

Continuedonthenextpage
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Name No Thin

Section

Sample

Type

Run

Duration

[d]

Salt

Composition

T[◦C] Sample

Geometry

XeqOr

SPcb8-100-850 D D V 8 1 850 (0,
√
2/2,

√
2/2) 1

SPab8-100-850 E E V 8 1 850 (
√
2/2,

√
2/2,0), 1

SPca8-100-850 F F V 8 1 850 (
√
2/2,0,

√
2/2) 1
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TableB.4:Measurementofthespacingofthedifferenthierarchiesofthecomplex
cracksforexperimentswithlongerrundurationsandathighertemperaturesshifting
thefeldspartoXeqor0.6;SPbx-y-z:SP-VolkesfeldSanidine,b-plateswithpolished
surfacesparallel(010),x-rundurationindays,y-XKCl,z-temperature[

◦C];the1st

levelcomprisesthelongestcrackswiththewidestspacing,the2ndlevelismadeup
bycracksthatareshorterandifthefirstlevelispresentformssteeple-likestructures
asdescribedinchapter7.2,the3rdlevelcanonlybeseeninfewsamplesandconsists
ofveryshortcracksformingbetweenthoseofthesecondlevel;allvaluesinµm

SPb2-30-1000 SPb2-30-950 SPb2-30-950 SPb8-30-920 SPb2-30-920 SPb4-30-850

1stlevel 125.4 147.6
129.8
54.4
63.2
56.1
72.8
66.7

2ndlevel 15.8 19.7 15.7 25.2 21.1 56.2
15.8 21.9 13.0 27.9 24.6 48.2
14.0 23.0 16.2 26.5 21.9 58.4
20.2 17.5 19.5 25.2 15.8 42.3
18.4 16.9 20.5 22.5 17.0 48.2
11.4 13.7 18.4 26.5 51.1
16.7 15.9 18.9 21.1 47.5
21.9 19.7 19.5 24.5 56.2
16.7 21.3 18.4 23.8 49.6
19.3 15.9 11.9 22.5 57.7
16.7 15.9 22.7 26.5
14.9 15.3 15.7 17.0
15.8 13.7 15.7 21.1
16.7 16.4 15.1 22.5
14.0 21.3 21.1 21.8

20.2
18.6

3rdlevel 10.5 12.6
9.7 13.7
9.7
7.9
7.0
9.7
8.8
6.1
8.8
7.9
7.9
6.1
9.7
10.5
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Scheidletal.(2013): Chemicallyinducedfracturinginalkalifeldspar

Theexecutionoftheexperiments,BSEimagingandmicroprobeworkweredoneby

KatharinaScheidlandAnne-KathrinScḧaffer. Theanalysisofthefracturemechanics
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Scḧafferetal.(submitted)

Scḧafferetal.(submitted):Latticestrainacross Na-Kinterdiffusionfronts

inalkalifeldspar:anelectronback-scatterdiffractionstudy

Theexecutionoftheexperiments,BSEimagingandmicroprobeworkweredoneby

Anne-KathrinScḧaffer. EBSDmeasurementsweredoneatthe Max-PlanckInstitute

forIronResearchinD̈usseldorfincooperationwithStefanZaefferer. Analysisofthe

EBSPpatternswithhelpoftheCrossCourt3softwarewasdonebyTomJ̈apeland

Anne-KathrinScḧaffer.
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Cationexchangeexperimentsbetweengemqualitysanidine(XOr =0.85)
andKClmeltproducedchemicalalterationofalkalifeldsparstartingatthe
grainsurfaceandpropagatinginwardsbyhighlyanisotropicNa-Kinterdiffu-
siononthealkalisublattice.Diffusionfrontsdevelopingnormalto(010)are
verysharpwhilediffusionfrontsnormalto(001)arecomparativelyshallow.
Duetothecompositiondependenceofthelatticeparametersofalkalifeldspar
thediffusioninducedcompositionalheterogeneityinducescoherencystressand
elasticstrain.Electronback-scatterdiffractioncombinedwiththecrosscor-
relationtechniquewasemployedtodeterminethelatticestraindistribution
acrosstheNa-Kinterdiffusionfrontsinpartiallyexchangedsinglecrystalsof
alkalifeldspar.Thestrainchangesgraduallyacrosstheshallowfrontsnor-
malto(001)withasuccessivedilationprimarilyina-directionconferringto
thecompositionstraininunstressedalkalifeldspar.Incontrast,latticestrain
characterizedbypronounceddilationinb-directionislocalizedatthesharp
diffusionfrontsnormalto(010)followedbyaslightexpansionina-direction
intheorthoclase-richrim.Thisstrainpatterndoesnotconferwiththecom-
positioninducedlatticestraininastressfreealkalifeldspar.Itmayratherbe
explainedbythemechanicalcouplingoftheexchangedsurfacelayerandthe
mechanicallystrongsubstratum.Thelatticedistortionlocalizedatthesharp
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diffusionfrontmayhaveaninfluenceonthediffusionprocessandappearsto
produceaself-sharpeningfeedbackleadingtoalocalreductionofcomponent
mobilities.

1Introduction

Alkalifeldsparsareamongthemostabundantrock-formingmineralsinthe
Earth’scrust.Theypertaintothebinarysolid-solutionseriescomprisingthe
end-membercomponentsorthoclase(KAlSi3O8)andalbite(NaAlSi3O8).Al-
kalifeldsparsoccurinmagmatic,metamorphicandsedimentaryenvironments.
Mineralparagenesesinvolvingalkalifeldspar,andinparticularitschemical
compositionandzoningpatterns,maybearimportantpetrogeneticinforma-
tion(Spear,1993).Inthiscontexttherobustnessofchemicalcompositions
duringprolongedthermalannealingormetamorphicoverprintareofcrucial
interest.

Chemicalalterationofalkalifeldsparinthesolidstaterequiresthein-
terdiffusionofNa+andK+ andpotentiallysubstituting minorcomponents
ontherespectivesublattice.Na-Kinterdiffusionisrelativelyrapid(Cher-
niak,2010)andNa-Kcationexchangereactionsinvolvingalkalifeldsparsuch
asthetwofeldsparthermometer,andthecompositionsofthealbite-and
orthoclase-richphasesinaperthite(Yund,1984;Abartetal,2009)areprone
tore-equilibrationduringslowcooling.Quantificationofthesepotentialef-
fectsrequiresknowledgeoftheNa-Kinterdiffusioncoefficientinalkalifeldspar.
Amongothers,thismotivatedcationexchangeexperiments(Petrovíc,1972,
Neusseretal2012;Petrishchevaetal,submitted;Schaefferetal,submitted)
anddiffusioncoupleexperiments(Christoffersenetal,1983),whichdelivered
composition-distancedatafromwhichtheinterdiffusioncoefficientcanbeex-
tracted.Complicationsmayariseduringinterdiffusionexperimentsduetothe
compositiondependenceofthelatticeparametersofalkalifeldspar.Thecrystal
structureofalkalifeldspariscomprisedofanaluminosilicateframeworkwhere
corner-sharingAlO4-andSiO4-tetrahedraarelinkedinathree-dimensional
networkformingcrankshaft-likechainsparalleltothea-axis.Cavitiesinthe
tetrahedralframeworkareoccupiedbytheNa+ andK+ cationswithminor
substitutionbyRb+,Ca2+,andBa2+(Ribbe,1983).Incorporationofdiffer-
entlysizedcationsismainlyaccommodatedbythestretchofthecrankshaft-
likechainsparalleltothea-axis(Petrovíc,1972;Angeletal,2012).Thisleads
toapronouncedanisotropyofthecompositiondependenceofthelatticepa-
rameterswhichisaboutfivetimeshigherinthea-directionthanintheb-
andc-directions(Krolletal,1986;Angeletal,2012).Thusanycompositional
heterogeneityinalkalifeldspar,suchasachemicallyalteredsurfacelayerpro-
ducedbycationexchange,causescoherencystress.Thelatticecontractionas-
sociatedwithacompositionshifttowardsmoresodium-richcompositionmay
producetensile(modeI)cracks(Petrovíc,1972;Neusseretal,2012;Scheidl
etal,2013).
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Ifalkalifeldsparofintermediatecompositionisshiftedtowardsmorepotassium-
richcompositions,thistypicallyproducesapotassium-richsurfacelayer,which
isseparatedfromtheinternalportionsofthefeldspargrainbyamoreorless
sharpcompositionfront,whichpropagatesintothefeldsparwithtime.Ifthe
compositionshiftexceedsabout15mole%,thisproducesmixedmodecracks,
whichtendtofollowthecationexchangefronts.Thefrontsareexceptionally
sharpinthe[010]-directionandmoreshallowindirectionslyingwithinthe
(010)plane.Petrishchevaetal(submitted)andSchaefferetal(submitted)
producedsurfacelayerswithXOr=1.00onsanidinewithanoriginalcompo-
sitionofXOr =0.85bycationexchangewithaKClsaltmeltat850

oCand
≈1bar.Thecompositionfrontsinthe[010]-directionarelessthanabout2
µmwide.Inastress-freealkalifeldsparthiscompositionshiftcorrespondsto
achangeinlatticeparametersofabout1%inthea-directionand0.2%inthe
b-andc-directions.Ifthelatticeiscoherentacrossthecompositionfront,this
inducessubstantialstressandelasticstrain.Inthiscommunicationwefocus
onthequantificationofthecoherencystrainacrossasharpcompositionfront
inalkalifeldsparbydirectmeasurement.Tothisendweemployelectronback
scatterdiffraction(EBSD)measurementscombinedwiththecrosscorrelation
methodtoobtainthelatticestrainalongprofilestakenacrosssuchasharp
compositionfront.Thefullstraintensorisobtainedandthecorresponding
elasticstressiscalculated.Thesystematicsofthelatticestrainareanalysed
inthelightofthemechanicalboundaryconditionsandimplicationsofapoten-
tialfeedbackbetweenNa-Kinterdiffusion,diffusioninducedcoherencystrain
andassociateddistortionofthecrystallatticearediscussed.

2 Methods

2.1Cationexchangeexperiments

CationexchangeexperimentsweredoneusingalkalifeldsparandNaCl-KCl
salt mixtures.GemqualitysanidinefromVolkesfeld(Eifel)withaninitial
compositionofXOr =0.85andminorBacontentsofupto1wt%,(0.01
apfu)andFecontentsofupto0.2wt.%,0.01apfu)wasusedasastarting
material.Thesanidineischemicallyhomogeneousanddevoidofcracks,twins,
exsolutions,secondphaseprecipitatesorotherstructuralorchemicalhetero-
geneities(RileyandBailey,2003;ParsonsandLee,2005; Weitz,1972;Neusser
etal,2012;Demtr̈oder,2011).Ithasamonoclinicsymmetryandcrystallizes
inthespacegroupC2/m.Aluminiumandsilicononthetetrahedralsiteare
highlydisordered(t1=61)(Neusseretal,2012).Platesof3x3mmsizeand
1mmthicknesswereprepared.Theywerepre-orientedonthebasisoftheir
opticalextinctionunderpolarizedlight.Plateswithpolished(010)surfaces
wereproduced(figure1).
Thecrystallographicallyorientedplatesweresealedinquartzglasstubes

undervacuumtogetherwithamixtureofKClandNaClsalts.TheKover
Naratioofthesaltmixturewaschosenaccordingtotheexperimentallyde-
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Fig.1 Samplegeometryofthepraparedplates;left:orientationoftheplatewithintheunit
celloffeldspar,right:aftertheexperimenttheplatewascutintwomutuallyperpendicular
directionstoallowdocumentationofinterdiffusionfrontsinthreedifferentcrystallographic
directions

terminedNa-Kpartitioningbetweencrystalandalkalichloridemelt(Neusser
etal,2012)sothatspecificcompositionshiftswereobtained.Toensurecon-
stantconcentrationboundaryconditionsduringtheexchangeexperimentthe
amountsofsaltandfeldsparwerechosensothata40:1molarproportionofthe
alkalicationscontainedinthesaltrelativetothosecontainedinthefeldspar
wasobtained.Thequartzglasstubeswerethenplacedinapre-heatedmuffle
furnaceandkeptatconstanttemperaturefor1to64daysattemperatures
rangingfrom800◦Cto1000◦C.Temperatureswereaccuratewithin±1◦C.At
theendoftheexperimentthemeltwasquenchedwithinsecondsbydropping
thequartzglasstubesintocoldwater.Thefeldsparwasretrievedbydissolving
thesaltwithdeionisedwateratroomtemperature.Thecrystalsweresubse-
quentlycutintwomutuallyperpendiculardirectionsnormaltothepolished
surface(figure1)toallowforthemeasurementofchemicalprofilesalongthree
crystallographicdirections.Theyweremountedinepoxyresin,firstpolished
mechanicallyandthenchemicallyusingacolloidalsilicasuspensionwithapH
of9.2to10.

2.2Mineralchemicalanalysis

MineralchemicalanalysiswascarriedoutattheHelmholtzZentrumPotsdam,
GFZGermanResearchCentreforGeosciencesinPotsdamusingaJEOLHy-
perprobeJXA-8500Fwithathermalfield-emissioncathode.Theinstrument
wasoperatedatanacceleratingvoltageof8kVandabeamcurrentof10nA.
Forcalibrationthebeamwasdefocusedto10µm,formeasurementsthebeam
wasfullyfocussed.Peakmeasurementsweresetto10secondsandbackground
measurementsto5seconds.Therelativelyshortcountingtimewasnecessary
tominimizelossofalkalicationsbyevaporationduringthemeasurement.The
smallexcitationvolumemakesthemeasurementssensitivetoimperfections
andcontaminationofthesamplesurfaceandleadstosomescatteringinthe
data.Therelativeerroriswithin3.5to4%forpotassiumand7to8%for
sodium.
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2.3Electronmicroscopy

Backscatteredelectron(BSE)imagingwasdoneusinganFEIInspectSscan-
ningelectronmicroscopeequippedwithatungstenfilament.Theinstrument
wasoperatedataccelerationvoltagesof10and15kVandabeamcurrentof
8nA.Thesurfaceofthesamplewascoatedwithcarbonusingcarbonevapo-
rationofadouble-threadofcarbonfibreatadistanceofabout8cmfromthe
sampleundervacuumof10−5mbarduringevaporationtoestablishelectrical
conductivity.
Electronbackscatterdiffraction(EBSD)measurementswereperformedat

the Max-PlanckInstituteforIronResearchinD̈usseldorfusingaZeissXB
1540crossbeaminstrumentwiththermalfieldemissiongunoperatedat15
kVandabout5nAbeamcurrent.Conductivityofthesamplewasestablished
byacarbonsputtercoatingof2to3nmthicknessappliedwithaGatanPECS
precisionetchingandcoatinginstrument.Thesamplewasmountedat70◦C
sampletiltandthemeasurementsweredoneataworkingdistanceof13mm.
Profilesweremeasurednormaltothepolished(010)and(001)surfacesof

thecrystal;thesamplewasorientedsothatthetraceoftherespectivesurface
wasparalleltothetiltaxis.Tominimizebeamdamageonthebeamsensitive
feldspar,patternswerecollectedbyscanningthebeamoverarectangular
areaof1x50µmwithitslongaxisperpendiculartothetraceofthechemical
gradient.Thiswindowwasmovedin1µmstepsforprofilesnormalto(010)
andin2µmstepsforprofilesnormalto(001).
TheOIMDataCollectionsoftware5.3wasusedfordataacquisition.A

TSLHikariEBSDdetectorwitha640x640pixelresolutionwasusedfor
patternrecording.Patternswererecordedat1x1binningandsubsequently
correctedbysubtractingthemeasuredbackground,histogramnormalisation
andapplyingadynamicbackgroundsubtraction.Thebackgroundpatternwas
takenonacarbon-coatedglasssamplemountedonthesamesampleholder.
Foreachpatternthecameraexpositiontimewas200msand40patternswere
averaged,resultinginatotalexposuretimeofabout8seconds.Fororientation
determinationthepatternswerebinnedtoapatternsizeof240pixelsanda
Houghtransformwithanangularresolutionof0.252θstepsizewasapplied.
TheHoughtransformwasconvolutedwitha13x13pixellargeconvolution
maskand20peakswereidentifiedwithaminimumpeakdistanceof16pixels.
Onlytheinnerpartofthepatternwasconsideredwiththeρfractionofthe
Houghspacebeingsetto84%.

2.4EBSDcrosscorrelationtechnique

TheacquiredEBSDpatterns(EBSP)wereusedtodeterminethefullelas-
ticstraintensoremployingapatterncrosscorrelationtechniqueimplemented
inthecommercialsoftwareCrosscourt3byBLGProductions.Thistech-
niqueisbasedonthemeasurementofpatterndistortionbycomparingthe
currentpatternwithareferencepatternobtainedataregionwhichservesas
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astartingpointforlatticestraindetermination.Itisimportantthatallacqui-
sitionparametersarekeptconstantduringmeasurementofthereferenceand
currentpatternandthattherelativepositionsofthereferenceareaandthe
measurementareaarewellknown.Inthepresentcasethediffusionzonerim
isthincomparedtothebulkofthesample.Theinternalregionofthecrys-
talisthereforemechanicallymuchstrongerthanthethinchemicallyaltered
surfacelayer.Asintheinteriorportionstheoriginalcompositionispreserved
thecrystallatticecanbeassumedtobepracticallyundeformedinthegrain
interior.Accordingly,thepatternobtainedattheinnerendoftheprofilein
thechemicallyunalteredportionofthecrystalwaschosenasreferencepattern
representingtheoriginal,unstrainedlattice.ShiftsoftheEBSPs’featuresin
theregionsofinterestofeachpatternobtainedalongthemeasuredprofilefur-
theroutwardsandacrossthesharpcompositionfrontwerethencomparedto
theirequivalentinthereferencepattern.Variationsintheseshiftsacrossthe
patterngiveinsightintothenatureofthestrainwithinthediffractingvolume
(Wilkinsonetal,2009).
Theanalysisofpatterndistortionwasperformedonthebasisof253square

regionsofinterest(ROI)eachwith64x64pixelsizeplacedontherecorded
EBSPinaregulargridwithinthecircularareaofthepatternwithanoverlap
areaof7.5px2betweenneighbouringregionsofinterest.Thesensitivityof
thecrosscorrelationmethodstronglydependsonpatternquality.Forvery
goodpatternsshiftsassmallasafewhundredthsofpixelscanbedetermined
(WilkinsonandBritton,2012);suchahighqualitycanunfortunatelynotbe
achievedforfeldsparsduetothenecessityforacarboncoatingofthesurface,
thelowsymmetryanddensityofthecrystalaswellasitslowstabilityunder
theelectronbeam.Furthermore,asthepatternsweretakenbyintegration
overanapproximately50µmlargeareatheycontainaninherenthorizontal
blurringofabout0.5pixels(pixelsizeis80µm).Nevertheless,thepattern
qualityobtainedinourmeasurementswassufficienttoreachasensitivityof
about0.5pixels(compare Wilkinsonetal,2006).Thestrainsensitivityfor
highresolutionKikuchipatternsis1.3x10−4(Wilkinsonetal,2006).
FastfourierfilterswereemployedontheROIsinordertoreducehigh

frequencyintensitynoiseandlowfrequencyintensitybackgroundinfluences.
WiththisthetranslationalshiftsinthetestedpatternROIscanbetracked
moreaccuratelybythecrosscorrelationinthefourierdomain(Wilkinsonet
al,2009).Thelowfrequencycutoffwassetto2px−1withacutoffwidthof0
whilethehighfrequencycutoffwassetto15px−1,alsowithacutoffwidth
of0.

3Results

3.1Chemicalpatternsfromcationexchange

Figure2showsaBSEimageofalkalifeldsparwithanoriginalXOr of0.85,
whichwasreactedwithpureKClsaltmeltat850◦Cfor32days.Thebright
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Fig.2 Feldsparplatepreparedwithpolished(010)surfacesexchangedwithpureKClat
850◦Cfor32days;theBSEimageshowsbrightareasalongthegrainsurfaceswhichwerein
equilibriumwiththemelt,separatedfromdarkerareasofunexchangedfeldsparinthecore
(left)byclearlyanisotropicdiffusionfronts;FEG-EMP measurementsalongtheprofiles
indicatedintheBSEimage(right)showthateventhoughthediffusionprofilesvaryin
sharpnessandwidththeybothexhibitthesameshape,characterizedbytwoplateausand
aninflectionpointofthediffusionfront

areasalongthegrainsurfacesrepresenttheK-richsurfacelayer,whichissep-
aratedfromthedarkgreyinternalregionsofthegrainbymoreorlesssharp
compositionfronts.CationexchangeinthesinglecrystalnecessitatesNa-Kin-
terdiffusion,andthecompositionfrontsmaybeinterpretedasdiffusionfronts,
whichpropagateintothecrystalwithtime.Theshapeofthediffusionfronts,
andinparticulartheirsharpness,exhibitscleardirectiondependence.The
widestdiffusionfrontsareobservedindirectionslyinginthe(001)planewhile
thenarrowestfrontsdevelopinthedirectionnormalto(010).Thechemical
profilesmeasuredwithafieldemissiongun-electronmicroprobe(FEG-EMP)
acrossthediffusionfrontsconfirmthisobservation.Itisimportanttonote
thattheprofilesexhibittwoplateauscorrespondingtotheexchangedrimand
thecoreinwhichtheoriginalcompositionispreserved,respectively,andthe
diffusionfrontbetweenthetwoplateausexhibitsaninflectionpoint(figure2).

Apartfromcrystallographicdirection,thesharpnessofthediffusionfront
alsodependsontheextentofthechemicalshift,i.e.thecompositiondifference
betweentheexchangedrimandunexchangedcore.Foracompositionshiftof
only5mole-%toXOr0.90thefrontisveryindistinctanditsgeometryconfers
towhatisexpectedforinterdiffusionwithconstantconcentrationboundary
conditionsandconstantinterdiffusioncoefficient.Forashiftof10mole-%to
acompositionofXOr 0.95theplateausbegintoformandthefrontwiththe
inflectionpointbecomesapparent(Petrishchevaetal,submitted,Schaefferet
al,submitted).OnlyifthecompositionisshiftedtovaluesofXOrlargerthan
0.95thedescribedcharacteristicshapewithitstwosharplydefinedplateaus
separatedbyaverynarrowfrontdevelops.Acompositionshiftfromanini-
tialXOr 0.85topureorthoclasecompositionoftenleadstotheformationof
complexcrackpatterns(figure3),especiallyinexperimentswithlongrun
durationsand/orathightemperatures.Thesecracksrunroughlyparallelto
thediffusionfronts,andtheycurveclosetotheedgesofthesamplewhere
thecrackswhichareparalleltotwodifferentsurfacesofthesamplelinkup.
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Fig.3 Feldsparplatewithpolished(010)surfacesexchangedwithpureKClat920◦Cfor
2days;feldsparsshiftedtopureorthoclasecompositionoftenshowcomplexcrackpatterns
withcracksrunningrouhlyparalleltotheinterdiffusionfronts,causedbytheanisotropyof
thecompositiondependenceofthelatticeparameters

Oftenthecracksformwithinyetunexchangedportionsofthecrystalslightly
beneaththediffusionfront.

3.2Latticestrainacrossdiffusionfronts

Incaseswheretheshiftstowardsmorepotassium-richcompositionsdonot
inducefracturingthelatticemisfitacrossthediffusionfrontsisaccommodated
byelasticstrain.TheassociatedlatticedistortionwasinvestigatedbyEBSD
combinedwiththecrosscorrelationmethod.Latticestrainacrosswideand
sharpdiffusionfrontsistreatedseparately.Thesamplechosenforanalysiswas
polishedonthe(010)surfaceandthenexchangedwithpureKClmeltforfour
daysat920◦C.Asharpdiffusionfrontdevelopedinwardsfromthepolished
(010)surface,i.e.,inb-direction.EBSDpatternswerecollectedalongseveral
profiles,whichstartintheunexchangedgraininterior,runacrossthesharp
diffusionfront,andendatthepolishedsurface.Thepatternsintheexchanged
rimandacrossthediffusionfrontareclearlydistortedrelativetothereference
patternwhichwastakenattheinnerendoftheprofilewheretheoriginal
compositionofthefeldsparispreserved.Theshiftsofthepatternsrecorded
intherimrelativetothereferencepatternhavethelargestcomponentinthe
a-direction,indicatingthatthelargestdistortionofthecrystaloccursinthis
direction.Localisedatthediffusionfrontitselfamajorcomponentparallelto
theb-directionofthecrystalisdocumented(figure4).
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Fig.4 EBSPwithshiftsrelativetothereferencepatternindicatedbythewhitearrows
(arrowsscaledtoten);intheexchangedrimtheshiftshaveamajorcomponentparallelto
thea-directionofthecrystalwhileinthediffusionitselfapredominantshiftparalleltothe
b-axisisobserved

Usingthecrosscorrelationmethodthefullstraintensorwasdeterminedfor
allmeasurementpointsalongtheprofile.Asthetensorissymmetriconlythe
upperhalfisshowninfigure5.Theprofilesshowthedistortionofthelattice
relativetothereferencepattern.Thediffusionfrontislocatedatadistanceof
about20µmfromthepolished(010)surfaceofthecrystalandisabout5µm
wide.Fourdifferentprofilesweremeasuredtotestforreproducibility.Except
forsomeminorvariationfor11thedifferentmeasurementsweregenerallyin
goodaccordance.

Thevariationsofthenormalstrainsaremostsignificant.Thelongitudinal
strainsalongthea-andb-axesofthecrystal,thatis22and 11,respectively,
showthemostpronouncedvariations.Thevariationof22alongtheprofilein-
dicatesacontinuousdilationofthelatticeina-directionwithintheexchanged
rimrelativetothereferencepattern.Thisdilationdecreasesinwardsfromthe
samplesurfaceandvanishesatthediffusionfront.Incontrast, 11,i.e.the
straininb-directionisclosetozeroinboththerimandunexchangedcorebut
indicatesalocalizeddilationinb-directionatthediffusionfront. Withinerror
thevaluesstayconstantfor33allalongthemeasuredprofileindicatingthat
nosignificantlongitudinalstrainoccurredinc∗-direction.

12showsthesametrendas 22withaslightriseintheexchangedrim
whichthendeclineswithinthediffusionfront. 23showstheoppositetrend
withvaluesbeingslightlylowerintherimrelativetothereferencepattern
beforerisinginthediffusionfront.Noneoftheprofilesshowsanyspecific
trendwithinthediffusionfrontitself. Withinerrorthevaluesstayconstant
for13allacrosstheprofile.

Twoprofilesweremeasurednormaltothe(001)surfaceofthesamesample
(figure6).Thediffusionfrontsinthedirectionperpendicularto(001)aremuch
broaderthanthoseevolvinginthedirectionperpendiculartothe(010)surface.
Theexchangedrimisabout20µmwideandthediffusionfronthasawidth
ofabout50µm.Inthiscase,thelongitudinalstrainina-direction(11)is
characterizedbyagraduallyincreasingdilationfromtheinternalregionsof
thegrainacrossthediffusionfrontandtowardstheexchangedrim.Forthe
b-directionweseetheoppositetrendwithagradual,slightcontractionacross
thediffusionfront.33againstaysroughlyconstantacrosstheentireprofile
indicatingthatnosignificantlongitudinalstrainoccurredinthec∗-direction.
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Fig.5 Upperhalfofthesymmetricstraintensorforprofiles measuredacrossasharp
diffusionfront;thedifferentlycolouredprofilesrepresentdifferent measurementsexecuted
totestreproducibility,thereferencepatternislocatedattherighthandsideasrepresented
bythegreydot,theedgeofthecrystalisonthelefthandside;themostnotablefeaturesare
thestrainconcentrationparalleltobwithinthediffusionfrontandtheextensionparallelto
a
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Fig.6 Upperhalfofthesymmetricstraintensorforprofiles measuredacrossasharp
diffusionfront;thedifferentlycolouredprofilesrepresentdifferent measurementsexecuted
totestreproducibility,thereferencepatternislocatedattherighthandsideasrepresented
bythegreydot,theedgeofthecrystalisonthelefthandside;incontrasttowhatwas
observedfornarrowdiffusionprofilesthereisnostrainconcentrationwithinthediffusion
front,agraduallyincreasingdilationina-directionisthemostsignificantchangeobserved

4Discussion

EBSDcombinedwithcrosscorrelationmethodisapowerfultoolforquanti-
fyingcoherencystrainintherangeof10-4(Mauriceetal,2012;Brittonand
Wilkinson,2012)providedthemisorientationbetweentestandreferencepat-
ternislimitedtoabout1◦.Asystematicerroranalysisofthecrosscorrelation
methodhasshownnosignificantdifferenceinaccuracybetweennormaland
shearcomponents(TomJaepel,personalcommunication).
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Forthepresentmeasurementsthestraincomponentsiny-direction(22,
and12,32)willmostprobablyshowareducedaccuracy,becausethepatterns
havebeenacquiredbyintegrationofanareaextending50µminy-direction.
Thiscorrespondstoahorizontalblurofabout1pixelinthepatterns.However,
asthepatternsarechangingonlyinx-directionofthesamplethishorizontal
blurstaysconstantforallmeasurementsandshouldthereforenotstrongly
reduceaccuracy.

Intheinvestigatedfeldsparswefindlatticestrainlocalizedacrossasharp
diffusionfrontformingin[010]-direction(figure5). Whilethecompositionof
thefeldsparchangesinastrictlymonotonicmannerwithanoutwardsincrease
ofXOr from0.85to1.00acrossthediffusionfronttheobservedlatticestrain
acrossthesharpcompositionfrontischaracterizedbyasubstantialdilationof
theb-parameterthatislocalizedtowithinanabout5µmwidedomainaround
thediffusionfront.Atthesametimethea-parametershowsaslightandmono-
toniccontractionandthec-parameterremainsunchanged.Thissystematic
changeoflatticestraindoesnotconfertothechangeoflatticestrainwhich
wouldoccurinastressfreecrystalofalkalifeldsparsubjecttoasimilarcompo-
sitionchange.WhenalkalifeldsparwithaninitialcompositionofXOr=0.85is
shiftedtothepurepotassiumend-membercomposition,XOr=1.00,thisim-
pliesanexpansioninallcrystallographicdirections;a0=8.545̊A→a1=8.6̊A,
b0=13.025̊A→ b1=13.03̊A,c0=7.175̊A→ c1=7.18̊A,andaminute
changeintheangleβ,beta0=116.0

◦→ beta1=116.05
◦(Krolletal,1986).

Withintheplaneofthediffusionfront,thatiswithinthecontactplanebetween
thecompositionallydistinctdomainsofthecrystal,thelatticeparametersare
confinedtothoseofthevolumetricallybyfardominantinternalportionof
thecrystal,inwhichtheoriginalcompositionisretained.Asaconsequence
thevolumechangeacrossthediffusionfrontoccursviachangeoftheonly
unconstrainedlatticedirection(heretheb-direction),perpendiculartothe
constrainedinterface.Onlyafewmicrometersoutsidefromthediffusionfront
themechanicalcouplingtotherigidsubstratumbecomeslessstrong,andthe
crystalcanexpandina-direction(figure7,left).Assoonasthecomposition
strainisaccommodatedbydilationina-direction,theb-parametershrinks
againleadingtoastrainsimilartowhatisexpectedinastressfreecrystalof
alkalifeldspar.

Thesystematicsofthestrainalongtheprofiletakenacrossabroaddiffu-
sionfrontformedperpendicularto(001)conferstowhatisexpectedforthe
compositioninducedeigenstraininastress-freefeldspar.Thea-parameterin-
creasessuccessivelytowardstheouterportionsofthecrystalasherethefree
surfaceisperpendicularto[100]andthusthea-directionofthecrystallattice
isnotconfinedbythestrongersubstratum(figure7,right).

Themechanicaleffectsduetotheeigenstrainassociatedwithdiffusionin-
ducedcompositionchangemayhaveaninfluenceondiffusion.Theeigenstrain
mayinteractwithdiffusionintwoways.Ontheonehand,itmaychangethe
thermodynamicdrivingforcefordiffusion,andontheotherhand,theenergy
barriersforatomicjumpsmaybemodifiedbylatticedistortion.Inatheoreti-
calstudyLarcheandCahn(1982)showedthatthediffusioninducedself-stress
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Fig.7 Schematicdiagramsofthelatticedistortionacrossthesharp(left)andbroad(right)
diffusionfrontsnormalto(010)and(001),respectively;thedarkgreycolourrepresentspart
oftheunexchangedcore,thelightgreyrepresentspartoftheexchangedrim;forthesharp
diffusionfrontthelatticedilatesinb-directionas(010)istheonlyfreesurfacewhilethea-
andc-parametersaredominatedbytheunexchangedsubstratum,intherimthedilatation
inawhichwouldbeexpectedinastressfreefeldspartakesover,thegradualdilationin
a-directionobservedforthebroaddiffusionfrontinturnisinaccordancewithcomposition
straininanunstressedfeldspar

hasaninfluenceonthedrivingforcefordiffusionwhichtheyexpressedasthe
gradientinageneralizeddiffusionpotential.Thistheorywasextendedbythe
considerationoftheinterplaybetweenvacancygenerationandannihilation
andstressbyStephenson(1988).Amoregeneralconceptforthekineticsof
diffusioninastressedsolidwasintroducedbySvobodaetal(2006).Inthis
work,adistinctionismadebetweeninterstitialandsubstitutionalcomponents
andvacancies,andtheroleofnon-idealvacancysourcesandsinksaswellasthe
roleofstressareaddressed.Theconceptisbasedexclusivelyontheknowledge
ofthetracerdiffusioncoefficientsandofthethermodynamicstatefunctions
ofthebulkphase.Astheshapeofthediffusionfrontsshowsmarkeddirection
dependence,wedonotthinkthatthethermodynamiceffectistheprimarylink
betweendiffusionandself-stress. Weratherthinkthatthediffusionprocessis
influencedviatheeffectoflatticedistortiononatomicjumps.

Thedistortionofthelatticeacrossthesharpdiffusionfrontin[010]direc-
tionmayhaveaninfluenceonthediffusionpathwaysinthefeldsparstructure.
Themaindiffusionpathwaysareinthea-c-plane.Thealkalicationsoccupy
largecavitieswithintheSi-andAl-tetrahedralframework.Themostlikely
interstitialsitesforthelargecationsare(0,0,12)andequivalentsiteswhileno
interstitialsitesareavailabletheb-direction(Petrovíc,1972).Forunitjumps
paralleltothea-directionthespacebetweentheatomsconstitutingtheframe-
workislargeenoughtoallowthealkalicationstojumptotheinterstitialsites
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withouttheneedforseveredistortionofthelattice(Petrovíc,1972).Paral-
leltotheb-axisthecationsitesareseparatedbythecrankshaft-likechains
formedbytheAl-andO-tetrahedra(Ribbe,1983)andtheatomicjumpsin
thisdirectionaremoredifficult.Thedilationinb-directionthatislocalized
atthediffusionfrontcorrespondstoanincreaseinthelengthoftheatomic
jumpsthatthealkalicationscontributingtodiffusionin[010]directionhave
toexecute.Itisconceivablethatanincreaseinthejumpdistancebetween
twoneighboringsitesthatarealignedin[010]-directioninthealkalisublattice
goesalongwithanincreaseoftheenergybarrierbetweenthem.Thiswould
correspondtoanincreaseintheactivationenergyfordiffusionandwouldthus
entailareductionofthecorrespondingdiffusioncoefficient.Similarlytothe
latticedistortionthiseffectwouldbelocalizedatthediffusionfrontandcon-
tributetofurthersharpeningofanemergingdiffusionfront.Thisfeedbackof
diffusioninducedlatticestrainintothediffusionprocessitselfmaybeoneof
thereasonsfortheformationoftheexceptionallysharpdiffusionfrontsnormal
to(010)forshiftstowardsmorepotassium-richcompositions.Inthecaseat
hand,theselfsharpeningdiffusionfrontactsasadiffusionbarrier,afeature
thatmightbeofinterestindomainsinglecrystals.

5Conclusions

Wedocumenttheevolutionofsharpconcentrationfrontsduringsodium-
potassiuminterdiffusioninalkalifeldsparinb-direction.Incontrast,thecon-
centrationprofilesarecomparativelybroadindirectionscontainedinthea-
c-plane.Theextraordinarilysharpcompositiongradientsinb-directiononly
occuratXOr>0.95anddonotconferwiththeoreticalpredictionsfrominter-
diffusionmodels.Thesharpcompositiongradientisrelatedtoasharplattice
distortiongradientasmeasuredusingEBSDcombinedwithapatterncross
correlationmethod.Thephenomenonoftheextraordinarilysharpcomposition
gradientsisascribedtothecombinedeffectsofthepronouncedcomposition
dependenceoftheinterdiffusioncoefficientsandthedistortionofthefeldspar
latticeinresponsetochemicaleigenstrain.Thelatticedistortionduetochemi-
callyinducedcoherencystressmayactasaself-induceddiffusionbarrier.This
phenomenonhaspotentialapplicationsindesigningdomainsinglecrystals
withcustomtailoredtransportproperties.
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KrollH,SchmiemannI,vonC̈ollnG(1986)Feldsparsolidsolutions.Ameri-
canMineralogist71:1-16

LarcheF,CahnJ(1982)Theeffectofself-stressondiffusioninsolids.Acta
Metallurgica30:1835-1845

MauriceC,DriverJH,FortunierR(2012)Onsolvingtheorientationgradient
dependencyofhighangularresolutionEBSD.Ultramicroscopy113:171-181

NeusserG,AbartR,FischerF,HarlovD,NorbergN(2012)Experimental
Na/Kexchangebetweenalkalifeldsparandsaltmelt:coherencyeffects,mi-
crostructureevolution,andelementpartitioning.ContributionstoMineralogy
andPetrology164:341-358

ParsonsI,Lee MR(2005) Mineralsarenotjustchemicalcompounds.The
CanadianMineralogist43:1959-1992

PetrovícR(1972)AlkaliIonDiffusioninAlkaliFeldspars.Ph.d.thesis,Yale
University

RibbeP(1983)Chemistry,StructureandNomenclatureofFeldspars, Min-
eralogicalSocietyofAmerica,pp119

RileyTR,BaileyDK(2003)Barium-richsanidinemegacrystsfromthe West



LatticestrainacrossNa-Kinterdiffusionfrontsinalkalifeldspar 15

Eifel(Germany).NeuesJahrbuchf̈urMineralogie-Monatshefte41:18-30
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Abstract Anisotropicdiffusionisdescribedbyatensorofdiffusivities,Dαβ,
whichmaybecompositiondependentleadingtononlinearanisotropicdiffu-
sion.Inthisworkthepracticalproblemofreconstructingsuchatensorfor
Na-Kinterdiffusioninpotassium-richalkalifeldsparwith0.85≤XOr≤1.00
isaddressed.Cationexchangeexperimentswereperformedusinggemqual-
itysanidinewithaninitialcompositionofXOr =0.85andKClsaltmeltat
850◦Cand≈1bar.Tothisend,platesofsanidinewithpolishedsurfacesin
sixdifferentcrystallographicdirectionswereused,andDαβwasreconstructed
fromtherespectivecompositionprofilesproducedfromcationexchange.The
dependenciesDαβ(XOr)wereextractedusingasuitablegeneralizationofthe
Boltzmannapproach,whichadequatelyaccountsforourexperimentalsetup
andfordiffusionanisotropy.Theresultsweretestedbysolvingtheanisotropic
nonlineardiffusionequationusingthepreviouslydetermineddiffusivities.Na-
Kinterdiffusioninpotassium-richalkalifeldsparisconsiderablycomposition
dependentandanisotropic.AlldiffusivitiesDαβ(XOr)increaseasXOr tends
to1.Theprincipalaxesofthediffusivitytensorrepresentingthedirectionsof
highestandlowestdiffusivitylieinthea-cplaneandthedirectionwithinter-
mediatediffusivityisparalleltothecrystallographicbaxis.Ourmainresult
isgivenintheformofnumericalvaluesforallcomponentsoftheDαβ(XOr)
tensorfor0.85≤XOr≤1.
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1Introduction

Alkalifeldsparisamongthe mostabundantrockforming mineralsinthe
Earth’scrust.Thealkalifeldsparsformasolid-solutionseriesalongthebi-
naryjoinbetweenthesodium(NaAlSi3O8)andpotassium(KAlSi3O8)end-
members.TheinterdiffusionofNa+ andK+ onthealkalisublatticeofalkali
feldsparplaysapivotalroleinthere-equilibrationofNa-Kpartitioningbe-
tweenalkalifeldsparandotherNa-andK-bearingmineralsinrocksundergo-
ingpressure-temperaturechange(Volletal(1994)).Understandingsuchre-
equilibrationphenomenaiscrucialfortheapplicationofgeo-thermobarometers
suchasthetwofeldsparthermometer(FuhrmanandLindsley(1988);Benisek
etal(2010)).Furthermore,Na-Kinterdiffusiondeterminesthekineticsofexso-
lutioninalkalifeldspar.Inparticularitgovernsthecoarseningrateofexsolved
precipitatesandtheircompositionevolutionduringcooling(Yund(1984);
PetrishchevaandAbart(2009);Abartetal(2009b);Abartetal(2009a);
PetrishchevaandAbart(2012)).Quantifyingre-equilibrationphenomenaand
exsolutionkineticsinalkalifeldsparrequiresknowledgeoftheNa-Kinterdif-
fusioncoefficient.
Forioniccrystalsformingabinarysolid-solutiontheinterdiffusioncoeffi-

cientcanbecalculatedfromtheexperimentallydeterminedtracerdiffusionco-
efficientsoftheatomsrepresentingtheend-memberphasecomponents(Man-
ning(1968)).Fortheinterdiffusionofsodiumandpotassiuminalkalifeldspar
thisreads

DNaK=
D∗Na(c)D

∗
K(c)

(1−c)D∗Na(c)+cD
∗
K(c)

1+
∂lnγc
∂lnc

, (1)

whereDNaK istheNa-Kinterdiffusioncoefficient,andcisashorthandno-
tationfortheorhtoclasemolefractioninalkalifeldsparc≡XOr=

K
K+Na in

atomicunits;D∗Na(c)andD
∗
K(c)arethesodiumandthepotassiumtracer-

diffusioncoefficients,respectively,whichareconsideredascompositiondepen-
dent;γcistheactivitycoefficientofthepotassiumend-memberphasecom-
ponent,whichcanbecalculatedfromthermodynamicmixingmodelsforthe
alkalifeldsparsolid-solutionsuchasgivenbyHovisetal(1991).Anumber
oftracerdiffusionexperimentshavebeendoneinwhichradioactivetracers
including22Na(Foland(1974);LinandYund(1972);Kasper(1975)), 40K
(LinandYund(1972)),and41Kasastableisotopetracer(Foland(1974);
GilettiandShanahan(1997))wereusedtodeterminethetracerdiffusionco-
efficientsofsodiumandpotassiuminalkalifeldspar.Itwasgenerallyfound
thatsodiumdiffusesmuchfasterthanpotassium.Intermsoftheabsoluteval-
uestheresultsfromthedifferentstudiesshow,however,considerablescatter
(seethereviewbyCherniak(2010)),andcalculationofNa-Kinterdiffusion
coefficientsfromtherespectivetracerdiffusioncoefficientsisratheruncertain.
Alternatively,theNa-Kinterdiffusioncoefficientcanbedetermineddirectly
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frominterdiffusionexperiments.Therebyadiffusioncoupleconsistingoftwo
alkalifeldsparsofdifferentcompositionsisannealedatelevatedtemperature
toinducesodium-potassiumexchangebetweenthetwofeldspars.Theinter-
diffusioncoefficientisthenobtainedfromtheresultingcompositionprofile
acrosstheinterfacebetweenthetwofeldspars.Theinterdiffusioncoefficientis
generallyexpectedtobecompositiondependent(Mehrer(2007)),whichmust
beaccountedforwhendeterminingtheNa-Kinterdiffusioncoefficientfrom
composition-distancedata.Christoffersenetal(1983)determinedtheNa-K
interdiffusioncoefficientinthecompositionrange0.1≤XOr ≤0.8attem-
peraturesof900oCand1000oCandatpressuresof0.5and1.5GPa.They
foundapronouncedcompositiondependencewitha minimuminDNaK at
XOr ≈0.4. Moreover,adiffusionanisotropywasrevealed,wherediffusion
perpendicularto(010)isabout12timesslowerthanperpendicularto(001).
Comparisonoftheexperimentallydeterminedinterdiffusioncoefficientswith
thoseobtainedfromequation(1)usingtheexperimentallydeterminedNa-and
K-tracerdiffusioncoefficientsofKasper(1975)foralbiteandofFoland(1974)
fororthoclasewithXOr=0.94deliveredasimilarcompositiondependenceof
DNaKasexperimentallydetermined.Intermsoftheabsolutevaluestheexper-
imentallydeterminedinterdiffusioncoefficientswere,however,byafactorof
10(⊥(001))and100(⊥(010))lowerthanpredictedfromequation(1).The
studyofChristoffersenetal(1983)contributedsubstantiallytotheunder-
standingofNa-Kinterdiffusioninalkalifeldspar.Severalquestionsremained
unansweredthough.Inparticular,thecompositionrangeof0.8≤XK ≤1.0
wasnotcovered.Thiscompositionrangeis,however,ofconsiderableinter-
est,becausemostpotassium-richalkalifeldsparsinnaturalrocksfallintothis
compositionrange.Christoffersenetal(1983)givetheinterdiffusioncoeffi-
cientsforselectedcrystallographicdirections,theydo,however,notprovide
thefulldiffusivitytensor,whichisnecessaryforacomprehensivedescription
ofthedirectiondependenceofNa-Kinterdiffusion.Furthermore,ithasbeen
shownthatlocalized,diffusioninducedcompositionchangeinsinglecrystal
alkalifeldsparproducescoherencystress,whichmayeventuallyinducefrac-
turing(Petrovic(1972);Neusseretal(2012);Scheidletal(2013)).According
toScheidletal(2013)fracturingmayoccur,whencompositionshiftsexceed
about10mole%.ThefeldsparsinthediffusioncouplesofChristoffersenetal
(1983)wereshiftedbyabout50mole%closetothecontactplaneofthetwo
feldspars.ItisthereforepossiblethatintheexperimentsofChristoffersenetal
(1983)thecompositioninducedcoherencystrainwasaccommodatedbycreep
orbytheformationofmicrocracks.Theassociatedincreaseindefectdensity
mayhaveaninfluenceonNa-Kinterdiffusion,butsucheffectswereneither
documentednorevaluatedbythelatterauthors.

InthisstudywepresenttheresultsofdedicatedNa-Kinterdiffusionexper-
iments.IncontrasttothestudybyChristoffersenetal(1983)weusedasingle
crystalalkalifeldsparandKClsaltmeltasadiffusioncouple,andcomposition
shiftsinthefeldspardidnotexceed15mole%.Thatwaymechanicaleffects
duetolargecompositionshiftinasinglecrystalfeldsparandtheirpotential
feedbackoninterdiffusioncouldbeminimized.Thetheorynecessaryfordata



4 E.Petrishchevaetal.

reductioninthespecificsettingofcomposition-dependent,anisotropicNa-K
interdiffusioninmonoclinicalkalifeldsparispresentedandthefulldiffusivity
tensoranditscompositiondependenceinthecompositionrange0.85≤XOr≤
1.0isderivedfor850oCand≈1bar.ThetemperaturedependenceofDNaK
inthetemperaturerangefrom800oCto1000oCandforcompositionsinthe
range0.85≤XOr≤1.0fordiffusioninthedirectionsperpendicularto(001)
and(010)arepresentedinthecompanionpaperbySchaefferetal(2014b).

2Experiment

2.1Cationexchangeexperiments

InterdiffusionofNa+andK+inalkalifeldsparwasstudiedbymeansofcation-
exchangeexperiments,whereNa+andK+ionswereexchangedbetweenalkali
feldsparofintermediatecomposition(XOr =0.85)andaKClsaltmeltat
850oCand≈1bar.Cationexchangeproducedacompositionshifttowards
purepotassiumend-membercompositionatthesurfaceofthefeldspargrain.
Thechemicalalterationpropagatedintothegraininteriorwithtimerequiring
Na-Kinterdiffusiononthealkalisublattice.Thecompositionvariationfrom
thegrainsurfaceintothegraininteriorwasanalyzedwithafield-emissiongun
electronmicroprobe.Theinterdiffusioncoefficientwasthenextractedfromthe
compositionprofiles.
GemqualitysanidinefromVolkesfeld(E-Eifel)withanoriginalcomposi-

tionofXOr =0.85wasusedasstartingmaterial.Thesanidineispractically
freeofcalciumandhasminorBacontentsofupto1.3wt.%,Feupto0.2
wt.%,andSrupto0.2wt.%(Demtr̈oder(2011);Neusseretal(2012)).The
sanidineischemicallyhomogeneousdowntothenanometerscale.Itisdevoid
ofcracks,twins,exsolutions,secondphaseprecipitatesorotherstructuralor
chemicalheterogeneities(RileyandBailey(2003), Weitz(1972),Neusseretal
(2012),Demtr̈oder(2011)).Aluminumandsiliconarehighlydisorderedonthe
tetrahedralsitewitht1=61(Neusseretal(2012))resultinginmonoclinic
symmetry,spacegroupC2/m.
Selectedsanidinegrainswereorientedonasinglecrystaldiffractometer

andthenmachinedtoplatesofabout3x3x1mm.Theplateswerecut
insixdifferentcrystallographicorientations,andthe3x3mmsurfaceswere
polished.Thefeldsparplateswerethenputintoquartzglasstubeswithan
innerdiameterof8mmtogetherwithreagentgradeKClsalt.Theamountof
KClwaschosensoastoachieveamolarratioof40:1forthealkalications
containedinthesaltandinthefeldspar,respectively.Thatwayanessentially
constantcompositionofthesaltmeltwasensuredduringtheexchangeexper-
iments.Thequartzglasstubeswerethensealedundervacuumandputintoa
pre-heatedboxfurnaceat850oCfor1to64days(seetable1).Thetempera-
turewasmonitoredwithatypeNthermocoupleplaceddirectlyatthesample
andwasaccuratetowithin±2o.ItwasshownbyNeusseretal(2012)thatthe
Al-Siorderingstatedoesnotchangeduringcationexchangebetweensanidine
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andNaCl-KClsaltmeltat850oC.Aftertheexchangeexperimentthesamples
werequenchedwithinafewsecondsbydroppingthequartzglasstubesinto
coldwater.Thetubeswereopenedandthefeldsparwasretrievedbydissolv-
ingthesaltindeionizedwater.Thefeldsparsretainedtheirsurfacepolishand
noindicationsofsurfacereactionscouldbedetected.Thefeldsparplateswere
thenmountedinepoxywiththepolishedfacesperpendiculartothesurfaceof
themount.Thesamplewasthencut,groundandpolishedmechanicallyusing
diamondpastedownto0.25µmgrainsize.Finallyachemomechanicalpolish
usingasilicasuspensionwithbasicpHwasappliedtoremovethedefectrich
surfacelayerforlaterelectronbackscatterdiffraction(EBSD)analysis.

2.2Scanningelectronmicroscopy

ScanningelectronmicroscopywasdoneonaQuanta3DFEGinstrumentat
theCenterofEarthSciences,UniversityofVienna.Backscatteredelectron
imagesweretakentodocumentchemicalalterationofthefeldsparwhichis
readilydiscernedfromthechangeingreyshadeonBSEimages(seeFig.1).
Ingeneral,cationexchangebetweenthesanidineandtheKClmeltleadtoa
compositionshiftfromtheoriginalcompositionofXOr=0.85topurepotas-
siumend-membercompositionwithXOr=1.00.OntheBSEimageslightgrey
zonesofconstantwidthareobservedalongtherimsofthegrainsshowingthat
chemicalalterationstartsfromthegrainsurfacesandprogressesintothegrain
interiorwithtime.Theexchangedouterdomainsofthegrainsandtheinter-
naldomainswiththeoriginalcompositionpreservedareseparatedbymoreor
lesssharptransitionzones(seeFig.1).Chemicalalterationwithinthesingle
crystalsanidinerequiresthatNa+andK+interdiffuseonthealkalisublattice
ofthefeldspar,andthetransitionzonemaybereferredtoasadiffusionfront.
Interestingly,thediffusionfrontisrelativelysharpin[010]-directionandcom-
parativelybroadinthedirectionperpendiculartothe(001)planeindicating
diffusionanisotropy.Insomecases,thelatticestrainassociatedwithcation
exchangeinducedfracturingandproducedirregularitiesinsamplegeometry
andinthechemicalpattern.Onlythoseportionsofthecrystalwerechosen
forfurthermineralchemicalanalysis,wherethediffusionfrontswereperfectly
paralleltothepolishedsamplesurfaceandthefrontsthemselveswereundis-
turbed.
Thecrystallatticeorientationofthefeldsparsamplesembeddedinepoxy

resinwasdeterminedbyElectronbackscatterdiffractionanalysis(EBSD).The
Quanta3DFEGinstrumentequippedwithanEDAXDigiviewIVEBSDcam-
erawasoperatedat15keVacceleratingvoltageand2-3nAprobecurrentin
analyticalmode.Duringanalysisthesamplesurfacewastiltedtoestablisha
beamincidenceangleof20ataworkingdistanceof10-14millimeters.EBSD
datacollectionandprocessingwasperformedusingtheEDAXOIMDataCol-
lectionandAnalysisSoftware(versions5.31or6.2).Thebackgroundcorrec-
tionfilterwasgeneratedonanaturalpolycrystallinealkalifeldsparaggregate
sample.TooptimizetheEBSDpatterncontrastandintensityhistogramnor-
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malizationfilter,adynamicbackgroundsubtractionfilterandforsomegrains
alsoameansmoothingfilterwereapplied.DuetopartlyweakEBSDpatterns,
thecameraandHoughsettingswereadjustedforeachgrainseparately.EBSD
camerasettingswereat2x2binningusinganexposuretimeof300-400msec.
Houghsettingsofabinnedpatternsizeof160x160pixels,aThetastepsizeof
0.5◦to1◦anda9x9or11x11convolutionmaskwereappliedtoaRho-fraction
of72%to85%forindexingatminimum3-6andatmaximum9-19bands
ataminimumdistanceof8-17pixelsinHoughspace.Theorientationdata
werederivedfrom100x100micrometersizedareastakeninacentralportion
ofeachcrystal.Usingstepsizesof10-25micrometersinhexagonalgridmode
yielded23-126datapointspergrain.Incaseofambiguousresultsdueto
similarfirstandsecondsolutions,singleEBSDpatternswerecollectedusing
5-8framesandevaluatedmanuallyforthedifferentsolutionsinorderto
determinetheactualorientation.

2.3Mineralchemicalanalysis

Mineralchemicalanalysesweredoneonafieldemissiongunelectronmicro-
probeJEOLHyperprobeJXA-8500FatHelmholtzzentrumPotsdam.Point
analysesweretakenalongprofilesfromthepolishedsamplesurfaceinwards
acrossthediffusionfrontandintotheinternaldomainsofthecrystal.The
exactorientationofeachanalysisprofilewithrespecttothecrystallattice
wasreconstructedbasedontheEBSDdatathatwerecollectedforeachgrain.
Compositionprofilesweremeasuredinsixcrystallographicdirectionswhich
aregivenbythedirectioncosineswithrespecttothe(a,b,c∗)frame:profile1
(1,0,0);profile2(0,1,0);profile3(0,0,1);profile4(

√
2/2,

√
2/2,0);profile

5(
√
2/2,0,

√
2/2);profile6(0,

√
2/2,

√
2/2)(seetable1).Pointanalyseswere

takenat0.5to1µmsteps.Theaccelerationvoltageandthebeamcurrentwere
setto8kVand10nA,respectively.Countingtimeswere10secondsonthe
peakand5secondsonthebackgroundonbothsidesofthepeak.Shortcount-
ingtimeswerenecessarytominimizelossofsodiumbyevaporationunderthe
electronbeam.Duetothesmallfootprintofthebeamandexcitationvolume,
theanalyseswereverysensitivetoimperfectionsofthesamplesurfacesuch
asscratchesorbeaminducedcarbondeposition.Despiteoftheresultingscat-
terinthedata,theanalyzedtrendsclearlyreflecttheshapesofwelldefined
diffusionprofiles.Twoexamplesofmeasuredcompositionprofilesareshown
inFig.2.Theexchangedportionsofthecrystalattainedpurepotassiumend-
membercompositionofXOr =1.00.Correspondingtothevariationingrey
shadeintheBSEimage,theprofilethatevolvedperpendiculartothe(010)
surfaceshowsarelativelysharptransitionzonebetweentheouterexchanged
domainandthegraininteriorwithitsoriginalcompositionpreserved.The
sharpchangeincompositionperpendiculartothe(010)surfacemaygivethe
impressionofadissolution-precipitationfeature.Theperfectpreservationof
thesurfacepolishaftercationexchangeandthelackofevidenceforsurface
reactionargueagainstthisinterpretation.Furthermore,incationexchange
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Table1 Directionsofmeasurementprofilesandnumberofexperimentsdonefordifferent
rundurations.

direction directioncosines 1day 4days 8days 16days 32days

1 100 2 1
2 010 1 3 2 1
3 001 3 2 2

4
√
2
2

√
2
2
0 1 2

5
√
2
2
0
√
2
2

1

6 0
√
2
2

√
2
2

1

experimentsusingsimilarexperimentalsetupandstartingmaterialtheBa
distributionremainedunaffectedacrossNa-Kexchangefronts(Neusseretal
(2012)).Incontrast,theBaandalsotheFedistributioninEifelsanidinewas
completelychangedacrossreactionfrontsthatdevelopedduringfluidinduced
albitizationofEifelsanidinebyreactionwithNaClbrine,whichisclearlyas-
sociatedwithdissolution-precipitation(Norbergetal(2012))suggestingthat
dissolution-precipationoccurswhenfeldsparisreactedwithafluidbutdoes
notoccurwhensanidineisreactedwitha“dry”alkalihalide melt. More-
over,inanEBSDstudyonthelatticestrainacrossasharpconcentration
frontalongthe[010]directionproducedinEifelsanidineduringcationex-
changeinasimilarexperimentalsetupSchaefferetal(2014a)foundlocalized
elasticlatticestrainbutnoindicationforrecrystallizationacrossthesharp
compositionfront,whichfurthercorroboratestheinterpretationoftheob-
servedcompositioncontrastsasdiffusionfronts.Thetransitionbetweenthe
exchangedexternalandthepristineinternalportionsofagrainismoregrad-
ualinthedirectionperpendiculartothe(001)planethanin[010]direction.
Intheprofilesinbothcrystallographicdirectionsaplateauisvisibleinthe
outerportion,wherethecompositionisatXOr=1.00,andaninflectionpoint
islocatedinthetransitionzone.Giventhatthecompositionofthesaltre-
mainedessentiallyunchangedduringthecationexchangeexperiments,and
Na-Kinterdiffusionoccurredunderaconstantconcentrationboundarycondi-
tionatthecrystalsurface,suchafrontgeometrycanonlybeexplainedbya
compositiondependenceoftheinterdiffusioncoefficient.Inthefollowingwe
presentthetheoryusedfordatareductioninthespecificcaseofcomposition
dependentanisotropicinterdiffusionofNa+andK+inanalkalifeldsparwith
monoclinicsymmetry.

3Theory

Adiffusiveparticleflux,furtherdenotedbyj(r,t),resultssolelyfromthe
nonuniformdistributionofthediffusantCrank(1975).Inwhatfollows,the
distributionofthediffusantisdenotedbyc(r,t),thelattermayrefertothe,
e.g.,volumeconcentrationormole-fraction,dependingontheproblemathand.
Forourcasec(r,t)isidenticaltoXOr(r,t).Thenon-uniformityischaracterized
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Fig.1 Back-scatterelectronimagesandcomposition-distancedataforanalysisprofiles
perpendiculartoapolished(001)(top)and(010)(bottom)surfaceofsanidineafterexchange
withKClmeltat850oCfor8days.

bythegradientvector∇c(r,t)=(∂c/∂x1,∂c/∂x2,∂c/∂x3)pointingtowhere
theconcentrationofthediffusantincreasesthe most.Theconceptbehind
Fick’sdiffusionlawisthatinanisotropicmediumthefluxvectorandthe
gradientvectorareantiparallelandproportionaltoeachother,j=−D∇c.In
theisotropiccasethequantityDisjustascalarquantityandisreferredtoas
thediffusivity.
Ifthediffusivitydependsondiffusantconcentration,D =D(c),thisis

referredtoasnonlineardiffusion.CombiningFick’slawwiththegeneralcon-
servationlawfortheparticlenumber

∂c

∂t
=−∇j, (2)

weobtainthediffusionequation

∂c

∂t
=

α

∂

∂xα
D(c)

∂c

∂xα
, α=1,2,3, (3)

whereαdenotesaxesofanorthogonalcoordinateframechosenwithinthe
material.
IfoneknowsD(c),Eq.(3)canbediscretizedandsolvednumericallyto

obtainc(r,t)fromc(r,0)andboundaryconditions.IfD(c)isunknown,onecan
addresstheinverseproblem:obtainD(c)fromtheexperimentallymeasured
c(r,t).AnexamplethereofistheBoltzmann-MatanoanalysisMatano(1933).
Inthissectionweusetheabovereportedexperimentaldataandreconstruct

diffusivitiesfortheanisotropiccase.Itisimportanttonotethatourgeometry
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differsfromthatoftheBoltzmann-Matanoanalysis.Thereforewefirstrevisit
thereconstructionscheme.

3.1Reduction

Inacrystal,whereanisotropyisencountered,Fick’slawremainsvalid,but
becomesmorecomplicated.Therelationbetweenthetwovectorsjand∇cis
describedbyatensor(Crank(1975))

jα=−
β

Dαβ
∂c

∂xβ
, α,β=1,2,3,

wheretheelementsofthesecond-rankdiffusivitytensormaydependonthe
diffusantconcentration,Dαβ=Dαβ(c).ThenthediffusionequationEq.(3)is
replacedby

∂c

∂t
=
α,β

∂

∂xα
Dαβ(c)

∂c

∂xβ
. (4)

Atafirstglance,alldirectionsaremixedinEq.(4).Still,itispossibletoreduce
Eq.(4)toaneffectivelyone-dimensionalequation.Toexplainthisweconsider
diffusiveflowintoasemi-infiniteblock,x1≥0,consistingofananisotropic
solidwiththeboundaryatx1=0.Letusassumethatc=c(x1,t).Evensuch
asimpleplane-paralleldistributionleadstoathree-componentflux

j=−




D11D12D13
D21D22D23
D31D32D33









∂c
∂x1
0
0



=−




D11

∂c
∂x1

D21
∂c
∂x1

D31
∂c
∂x1



.

Stillonlyjx1=−D11(c)∂c/∂x1contributesto∇jinEq.(2).Thereforethe
plane-paralleldistributionevolvesinfullanalogywiththesimplestdiffusion
equationinonespatialdimension

∂c

∂t
=
∂

∂x1
D11(c)

∂c

∂x1
. (5)

Hence,ifwepreparedalargeenoughfeldsparplatewithoneoftheaxesparallel
toOxandmeasuredhowthecationsfromthesaltpenetrateintothecrystal
alongthisaxis,wewouldgetc(x1,t). WethencouldretrieveD11(c).

ThisapproachcanbeextendedtorecoverthefulltensorDαβ(c).Consider
diffusionalongsomearbitrarydirectiongivenbyaunitvectornwiththe
components(directioncosines)n1,n2,andn3.Theplane-paralleldiffusant
distributionisgivenbyc=c(ξ,t),wherethe“propagationcoordinate”ξis
definedas

ξ=n1x1+n2x2+n3x3,
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andtheoriginofthe(x1,x2,x3)frameistakenatthesalt-crystalinterface,
suchthattheboundaryconditionsarespecifiedatξ=0.Usingthechainrule

∂

∂xα
=nα

∂

∂ξ
,

itiseasytoseethatEq.(5)isgeneralizedtotheform

c=c(ξ,t),
∂c

∂t
=
∂

∂ξ
Dn(c)

∂c

∂ξ
, (6)

whereDn(c)denotesthescalardiffusivityalongthedirectionn

Dn(c)=
α,β

Dαβ(c)nαnβ. (7)

Equation(6)isnaturallycoupledwiththefollowinginitialandboundary
conditions

ξ≥0, c(ξ,t)
ξ=0
=c1, c(ξ,t)

t=0
=c2, (8)

wherec1andc2arethepotassiummolefractionofthealkalifeldsparinequi-
libriumwiththesalt melt,andtheinitialpotassium molefractioninthe
crystal,respectively.Now,ifwerecoverDn(c)foralargeenoughnumberof
directions,wecanconsiderEq.(7)asasystemoflinearequationsthatdelivers
theunknownsDαβ(c).
AccordingtoOnsager’sprincipleDαβ =Dβαsothatonlysixdiffusivi-

tiesareleft.Moreover,Dαβisaffectedbysymmetriesofthecrystal.Forthe
monoclinicsymmetryathand,wechosethe(a,b,c∗)frameinwhichbisset
paralleltothecrystallographicdyadaxis.Thediffusivitytensorthentakesthe
form

Dαβ=




D11 0 D13
0 D22 0
D31 0 D33



,

sothatonlyfourunknowndiffusivitiesareleft.However,toimprovetheac-
curacy,weconsideredsixdirectionsandmeasureduptosevenprofilesc(ξ,t)
foreachdirection(seetable1).ThecomponentsDαβwerethenobtainedfrom
Eq.(7)usingtheleastsquaresmethod.

3.2Boltzmann’smethod

InthissectionweexplainhowDn(c)isrecoveredfromtheexperimentally
measuredconcetrationdistancedata,i.e.solutionsc(ξ,t)ofEqs.(6)–(8).The
lattersystemhasanimportantfeaturefirstnoticedbyBoltzmann(1894).
Namely,onecanintroduceacombinedspace-timevariable

η=
ξ

2
√
t
definedfor t>0, (9)
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andlookforaspecialclassofsolutionsofthediffusionequation:functions
c(ξ,t)thatarereducedtoacompositefunctionc(η)ofasinglevariable(9).
Itiseasytoseethatforsuchsolutionsthenonlineardiffusionequation(6)
transformsto

−2η
dc

dη
=
d

dη
Dn(c)

dc

dη
, 0≤η<+∞ (10)

whichisanordinarydifferentialequation.Thekeyquestionis:aretheinitial
andboundaryconditionscompatiblewiththeansatzc=c(η)?Forinstance,
thisisthecasefortheBoltzmann-Matanoanalysis.Ourgeometryisdifferent
butstillcompatiblewiththeBoltzmannvariable.FromEq.(8)weobtainthat

c(η)
η=0
=c1 and c(η)

η=+∞
=c2. (11)

Therefore,theinitialvalueproblemforthepartialdifferentialsystem(6)–
(8)exactlyreducestoaboundaryvalueproblemforanordinarydifferential
system(10)–(11).
Wenowturntotheinverseproblemandexpress D(c)intermsofc(η).To

thisendweintegrateEq.(10)overdηovertheinterval[η,∞].Note,thatitis
naturaltoassumethatc(η)=dc/dη→0forη→∞.Therefore

2
∞

η

ηc(η)dη=c(η)Dn(c)c=c(η). (12)

Finallywenotethatwiththeincreaseofη,c(η)decreasesmonotonicallyfrom
c(0)=c1toc(∞)=c2.Thereforeonecanintroducetheinversefunction
η=η(c)andtransformEq.(12)totheform

Dn(c)=−2η(c)
c

c2

η(c)dc. (13)

Inwhatfollowsequation(13)isusedforcalculatingD(c).

3.3Resultsfordiffusivities

Theresultsfromallinterdiffusionexperimentswhichweredonealongsixdif-
ferentcrystallographicdirectionsareshowninfigure2.Let(ξs,cs),1≤s≤S
denoteexperimentalobservationsofthemolefractionprofilec=c(ξ,t)for
somefixeddirectionnandtimet=t0.First,thespacecoordinatewasrescaled
toηs=ξs/(2

√
t0)andthenthepoints(ηs,cs)obtainedfromallexperiments

donealongthisspecificdirectionwereplottedtogether(seeFig.2).Although
themeasurementshadbeendoneforseveralvaluesoft0,allrescaledpointsap-
proximatelybelongtothesamecurve.Thelatterrepresentsc(η)forthefixed
directionn.Inasecondstep,thedataweresmoothedassigningthesame
weighttoeachoftheprofilesmeasuredalongonedirection.Thesmoothed
dataset(ηs,cs)wasthenusedtoderivetheinversefunctionη(c).Thelatter
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Fig.2 Potassiummolefractionsinalkalifeldsparalongdifferentcrystallographicdirections
versusrescaledBoltzmanncoordinateη;directioncosineswithrespecttothe(a,b,c∗)frame:
profile1(1,0,0);profile2(0,1,0);profile3(0,0,1);profile4(

√
2/2,

√
2/2,0);profile5

(
√
2/2,0,

√
2/2);profile6(0,

√
2/2,

√
2/2);differentrun-durationsareindicatedbydifferent

colors;afterrescalingtoη,allpointsfromacertaindirectionapproximatelybelongtothe
samecurve;solidlines: molefractionsobtainedfromnumericalsolutionsofEq.(4)using
thediffusivitiesdeterminedfromtheexperimentalobservations;thecorrespondingvaluesof
Dαβ(c)arereportedinFig.3.

wasinsertedintoEq.(13)toobtainDn(c). WecalculatedDn(c)forsixdi-
rections,eachonewithuptosevenvaluesoft0.FinallyEq.(7)wassolved
withrespecttoDαβ(c)torecovertheunknowncomponentsofthediffusivity
tensor.TheresultsforthecomponentsofDαβ(c)areshowninFig.3,andthe
numericalvaluesaregivenintable2.Finallywetestedourresultsbydirect
calculationofthenumericalsolutionsofthenonlineardiffusionEq.(4)with
thepreviouslyextractedcomposition-dependentdiffusivities.Boththebound-
aryandtheinitialconditionsreflecttheexperimentalsetup.Thenumerical
resultsareshownbythesolidlinesinFig.2.Areasonableagreementwith
theactuallyobservedcomposition-distancedata(pointsinFig.2)wasfound.
BasedonourresultstheNa-Kinterdiffusioncoefficientfor850oCcannowbe
calculatedforanydirectioninalkalifeldsparusingEq.(7).

OneimmediatelyobservesthatNa-Kinterdiffusioniscompositiondepen-
dent,seeFig.3.Atclosetopotassiumend-membercompositionXOr≥0.95
alldiffusivitiesquicklydecreasetogetherwithXOr.Inthecompositionrange
0.85≤XOr≤0.95DNaKstilldecreaseswithXOr,thecompositiondependence
is,however,lesspronounced.Furthermore,Na-Kinterdiffusionismarkedly
anisotropic.Thediffusionanisotropyisbestvisualizedbyplottingcharacter-
isticsurfacesforthetensorDαβ(c).Fourexemplaryvaluesofthepotassium
molefractionwereused,seeFig.4. Werecall(Nye(1957))thatthecharac-
teristicellipsoidshowshowdiffusivitydependsondirection:thelargerthe
diffusivityinsomedirection,themoreoblate-shapedistheellipsoidinthis
direction.Na-Kinterdiffusionisrepresentedbyathree-axedellipsoidwiththe
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Fig. 3 Nonzerocomponentsofthediffusivitytensor Dαβ(c)versus molefractionof
Kcationsinfeldspar.Theindices1 ≤α,β≤3refertothe(a,b,c∗)frameinwhichb
issetparalleltothecrystallographicdyadaxissuchthatbothD12andD23vanish.

Table2 NonzerocomponentsofthediffusivitytensorDαβ(c).

Kmolefraction 0.86 0.875 0.89 0.905 0.92

D11[µm2/s] 1.5×10−4 1.9×10−4 2.2×10−4 2.5×10−4 3.0×10−4

D22[µm2/s] 1.6×10−5 1.9×10−5 2.1×10−5 2.3×10−5 2.6×10−5

D33[µm2/s] 2.1×10−4 2.7×10−4 3.1×10−4 3.6×10−4 4.2×10−4

D13[µm2/s] 1.7×10−4 2.1×10−4 2.5×10−4 2.8×10−4 3.2×10−4

Kmolefraction 0.935 0.95 0.965 0.98 0.99

D11[µm2/s] 3.5×10−4 4.3×10−4 5.7×10−4 8.8×10−4 15.3×10−4

D22[µm2/s] 2.9×10−5 3.4×10−5 4.2×10−5 5.9×10−5 9.7×10−5

D33[µm2/s] 4.9×10−4 6.0×10−4 7.8×10−4 12.0×10−4 20.1×10−4

D13[µm2/s] 3.8×10−4 4.6×10−4 6.0×10−4 9.1×10−4 15.6×10−4

intermediateprincipalaxisparalleltothe[010]directionandtheshortestand
longestprincipalaxesinthe(010)plane.Theshortestprincipleaxisoftherep-
resentativeellipsoidenclosesanangleof50owiththepositivea-axismeasured
towardsthepositivec-axis.Thisdirectionexactlycoincideswiththecrystal-
lographic[101]directionndicatingthatthestrongestdiffusionanisotropyisin
the(010)planewithfastestdiffusioninthe[101]directionandslowestdiffu-
sioninthedirectionwithin(010)thatisperpendicularto[101].Thediffusion
anisotropyismostpronouncedforsmallervaluesofthemolefraction(XOr≈
0.87)andislesspronouncedclosetopotassiumend-membercompositions
(XOr≈1.00).

4Discussion

Themostremarkableresultsofourstudyarethecompositiondependenceof
Na-KinterdiffusionatXOr≥0.85andthemarkeddiffusionanisotropy.
AcompositiondependenceoftheNa-Kinterdiffusioncoefficientwasal-

readysuggestedbyearlierworkers.Usingsimilarcationexchangeexperiments
asdescribedinthisstudyPetrovic(1972)foundasubstantialincreaseofDNaK
withincreasingXOratcompositionswithXOr≥0.86,whichisinlinewithour
observations. WithregardtothedirectiondependencePetrovic(1972),how-
ever,foundNa-Kinterdiffusiontobequasiisotropicwithinthe(010)plane
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Fig.4 Fourexamplesofcharacteristicsurfacesrepresentingthecompositiondependent
diffusivitytensor;notethatDNaK inacertaindirectionisinverselyproportionaltothe
lengthoftheellipsesradiusvectorinthisdirection.

andtwoordersofmagnitudeslowerin[010]directionthanwithinthe(010)
plane.Neusseretal(2012)performedcationexchangeexperimentsbetween
alkalifeldsparandalargereservoirofNaCl-KClsaltmeltensuringconstant
compositionofthesaltmeltduringcationexchange.Fromthegeometryof
thediffusionfrontstheyinferredthatDNaKincreaseswithXOr,butnoquan-
tificationoftheNa-Kinterdiffusioncoefficientwasdone.Inthecontextof
homogenizationexperimentsonsyntheticandnaturalcryptoperthiteBrady
andYund(1983)remarkedthatconsiderablecompositiondependenceofthe
interdiffusioncoefficientmaybeexpectedatphysicalconditionswhereasolid-
solutiondeviatessignificantlyfromathermodynamicidealsolution.Actually,
thisnotionisinherentinexsolutionbyspinodaldecompositionandcanbepre-
dictedfromtheoreticalconsiderations(PetrishchevaandAbart(2009,2012)).
Itisalsomanifestinequation1,inwhichtheexpressioninparenthesescor-
respondstothe“thermodynamicterm”accountingforthenon-idealityofthe
solutionphase.Christoffersenetal(1983)comparedtheirdirectdetermina-
tionsofDNaK fromclassicaldiffusioncoupleexperimentsat1000

oCtopre-
dictionsbasedonequation1andindeedfoundaminimuminDNaKatXOr≈
0.4asispredictedfromequation1,ifthenon-idealityofthealkalifeldspar
solid-solutionistakenintoaccount.Theselatterauthorsinferredadiffusion
anisotropywithNa-Kinterdiffusionbeing12timesfasterperpendicularto
(001)thanperpendicularto(010).Theyalsofoundadiffusionanisotropy
withinthe(010)planewithNa-Kinterdiffusionin[100]directionbeingsix
timesslowerthanperpendicularto(001).Boththeseobservationsareinrea-
sonableagreementwithourfindings.

AcomparisonofourexperimentallydeterminedNa-Kinterdiffusioncoeffi-
cientandpredictionsbasedonequation(1)usingexperimentallydetermined
tracerdiffusioncoefficientsisshowninfigure5.Thenon-idealityoftheal-
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kalifeldsparsolid-solutionismostpronouncedatintermediatecompositions,
itcan,however,notexplainthestrongcompositiondependenceoftheNa-K
interdiffusioncoefficientatclosetopotassiumend-membercomposition.The
steepraiseofDNaK withincreasingXOr atpotassium-richcompositionsis
mainlyduetothefactthatthepotassiumtracer-diffusioncoefficientissub-
stantiallylowerthanthesodiumtracerdiffusioncoefficient.Itmustbenoted
thatthetracerdiffusioncoefficientsforsodiumandpotassiuminalbiteby
Kasper(1975)andinorthoclasebyFoland(1974)weredeterminedfrombulk-
exchangeexperiments,andonlythepotassiumtracer-diffusioncoefficientin
albitefromGilettiandShanahan(1997)wasmeasuredparalleltothe[010]
direction.Irrespectiveofthechoiceofthetracerdiffusioncoefficients,ourdi-
rectdeterminationsofDNaK arelowerthanthepredictionsfromequation

(1)byafactorof3to5forD
⊥(001)
NaK andbymorethananorderofmagni-

tudeforD
⊥(010)
NaK .Areasonableagreementbetweentheoreticalpredictionand

experimentaldeterminationisobtained,ifdiffusioninthefastestdirection,
i.e.,DmaxNaKisusedforcomparison.Forfurthercomparisonoftheinterdiffusion
modelexpressedbyequation(1)andourdirectdeterminationsthesodium
andpotassiumtracerdiffusioncoefficientswereback-calculatedfromDNaK(c)
assumingthattheyareindependentofXOr(seefigure5).Thereisreasonable
agreementbetweenourback-calculatedandtheexperimentallydetermined
tracerdiffusioncoefficientsforthedirectionoffastestdiffusion,butourback-
calculatedvaluesaresubstantiallyslowerforthe[010]direction(seefigure6).
Thisisprobablyduetothefactthatthetracerdiffusioncoefficientsobtained
frombulkexchangeexperimentslargelyrepresentthefastestdiffusiondirec-
tion.Thereisreasonablygoodagreementbetweenourback-calculatedtracer
diffusioncoefficientforpotassiuminthe[010]directionandthecorresponding
valuegivenbyGilettiandShanahan(1997)(figure6).Potassiumtracerdiffu-
sionperpendicularto(010)hasbeenestimatedtobe0.1to0.6timesasslow
asperpendicularto(001)byBailey(1971)andGilettietal(1974),whichis
inlinewithourback-calculatedpotassiumtracerdiffusioncoefficients.

Theobserveddiffusionanisotropyagreeswellwithwhatisexpectedfrom
thecrystalstructure.Alkalifeldsparcontainswidechannelsparalleltothe
crystallographic[101]directionwiththeshortestdiameterbeingabout4.5
Å,alongwhichthealkalicationsarealigned.Bycombiningdielectricspec-
troscopyandatomisticcomputersimulationJonesetal(2004)identifiedthese
channelsasthemostlikelypathwaysforthemigrationofNa+andK+cations
byvacancymediatedconventionalhoppinggivingraisetosubstitutionalin-
terdiffusion.Thesechannelslieinthe(010)planeandencloseanangleof50o

withthecrystallographica-axismeasuredfromthepositivea-axistowards
thepositivec-axis.Thisisexactlyparalleltotheprincipleaxisoftheexper-
imentallydetermineddiffusivitytensorwhichrepresentsthefastestdiffusion
direction(seefigure4.Nocomparativelywidechannelsthatwouldbesuit-
ableforalkalidiffusionexistalongotherdirectionswithinthe(010)-planenor
alongthe[010]direction.TheanisotropyofNa-Kinterdiffusionbecomesless
accentuatedatclosetopotassiumend-membercompositions.Thisisalsothe
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Fig.5 ComparisonofdirectdeterminationsoftheNa-Kintrdiffusioncoefficientandpre-
dictionsbasedonequation(1)andusingexperimentallydetermined Na-and K-tracer
diffusioncoefficientsofKasper(1975)andGilettiandShanahan(1997)foralbiteandof
Foland(1974)fororthoclase,andthethermodynamicmixingmodelforthedisorderedal-
kalifeldsparsolid-solutionofHovisetal(1991);orange,redandbluecurvesrepresentour
experimentaldeterminationsoftheNa-Kinterdiffusioncoefficientinthefastestdiffusion
direction,perpendicularto(001)andperpendicularto(010),respectively;thehorizontal
linesinsimilarcolorsrepresenttheback-calculatedtracerdiffusioncoefficients.

compositionregionwiththestrongestincreaseofDNaK.Itmaybehypothe-
sizedthatatverypotassiumrichcompositionsanotherdiffusionmechanism
maybecomeimportant.Atclosetopotassiumend-membercompositionNa-K
interdiffusionisprimarilycontrolledbytheNa-tracerdiffusioncoefficient.It
maybespeculatedthatthesmallNa+ mayalsomigratebyaninterstitial
mechanism(Behrensetal(1991))andtheinterstitialmechanismmaynotbe
restrictedtothechannelsin[010]direction.

Finally,itmustbenotedthattheconcentration-distancedataweused
fordeterminingthediffusivitytensorreflecttheeffectivediffusivitiesinthe
sensethatalleffectspotentiallyinfluencingtheinterdiffusionofNaandK,in
particularitscompositiondependenceandanisotropy,areintegratedintothe
obtaineddiffusivities.Theinfluenceofdeviationsfromthermodynamicideal
mixingbehaviorofthealkalifeldsparsolid-solutioncansafelybeexcluded,as
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Fig.6 ArrheniusdiagramshowingexperimentallydeterminedNa-andK-tracerdiffusion
coefficientsfromtheliterature(solidanddashedlines)andtheNa-andK-tracerdiffusion
coefficientscalculatedfromthecompositiondependenceofDNaK at850

oCusingequation
(1)fortwocrystallographicdirections(circularanddiamondsymbols).

thenon-idealityofdisorderedalkalifelsparat850oC,at≈1barandinthe
compositionrangeofXOr≥0.85isminute(seefigure5).Anotherpotentialin-
fluenceisthecoherencystrainassociatedwithcompositionalheterogeneitiesin
asinglecrystalofalkalifeldspar(Petrovic(1972);Neusseretal(2012);Scheidl
etal(2013)).Ontheonehand,theelasticstressassociatedwithcoherency
influencescationinterdiffusionviathestressdependenceofthechemicalpo-
tentialsofthediffusingcomponents(LarcheandCahn(1982);Svobodaetal
(2002)).Ontheotherhand,thecrystallatticemaybeappreciablydistorted
acrosssharpcompositionfrontssuchasthoseobservedalongthe[010]direc-
tion(Schaefferetal(2014a)),andthislatticedistortionmayinfluencetheease
ofatomicjumpsandthusNa-Kinterdiffusioninthesedomains.Boltzmann’s
approach,whichweusedforextractingdiffusivitiesfromcomposition-distance
data,doesnotmakeanyassumptionsregardingthesepotentialeffects.Itisin-
dependentofthemicroscopicmechanismsunderlyingthediffusionprocess,or
ofchargebalanceandcrystalchemicalconstraintssuchasimplicitinequation
1(Manning(1968)).Thereasonableagreementbetweenthemodelpredictions
andourexperimentaldeterminationssuggeststhatequation1isausefulmodel
forNa-Kinterdiffusioninalkalifeldspar.Theabovementionedeffectsinflu-
encingNa-Kinterdiffusionareprobablyofsecondorderwithintheaccuracy
oftheavailablecalibrationsofNaandKtracerdiffusion.Nevertheless,theo-
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reticalcalculationsofNa-Kinterdiffusioncoefficientsshouldbeappliedwith
carewhendealingwithNa-Kinterdiffusion.Inparticular,itremainstobe
seen,whethernew,directionspecificdeterminationsoftherespectivetracer
diffusioncoefficientsdoshowtheaccordinganisotropyneededtoproducethe
observeddirectiondependenceoftheofNa-Kinterdiffusionifinsertedinto
equation1.

5Conclusions

TheinterdiffusionofNa+andK+indisordered,monoclinicalkalifeldsparwas
investigatedbycationexchangeexperimentsusinggemqualityalkalifeldspar
singlecrystalswithwelldefinedgeometryandaKClsalt meltasadiffu-
sioncoupleat850oCand≈1bar.TheNa-Kinterdiffusioninalkalifeldspar
isanisotropicandcompositiondependent.Thefulldiffusivitytensorwasex-
tractedinthecompositionrange0.85≤XOr≤1.00.TheinterdiffusionofNa

+

andK+ inthedirectionparalleltothecrystallographicbaxisisbyafactor
ofabout10slowerthaninthea-andc∗directions.Thestrongestdiffusion
anisotropyiswithinthe(010)planewithrelativelyfastdiffusionparallelto
the[101]directionandrelativelyslowdiffusioninthedirectioninthe(010)
planethatisperpendicularto[101].BasedonourresultstheNa-Kinterdif-
fusioncoefficientat850oCcannowbecalculatedforanydirectioninalkali
feldspar.Theinterdiffusioncoefficientshowsaweakincreasewithincreasing
XOr inthecompositionrange0.85≤XOr ≤0.95.AtXOr ≥0.95thecom-
positiondependenceismuchmorepronounced,andDNaK stronglyincreases
withincreasingXOr.Thisrendersalkalifeldsparwithclosetopotassiumend-
membercomposition(XOr >0.95)particularlysensitivetore-equilibration
duringslowcooling.
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MicroprobemeasurementswereexecutedbyDieterRhede.Analysisofthedatawasdone

byElenaPetrishchevaandAnne-KathrinScḧaffer.
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Abstract Na-Kinterdiffusionindisorderedpotassium-richalkalifeldsparwas
studiedexperimentallyusingcationexchangebetweengemqualitysanidine
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culationsusingthecorrespondingsodium-andpotassiumtracer-diffusionco-
efficients,andtheprocessesunderlyingtheobservedcomposition-andtem-
peratueedependenceofsodium-potassiuminterdiffusionarediscussed.

1Introduction

Alkalifeldsparformsasolid-solutionbetweenthesodium(NaAlSi3O8)and
potassium(KAlSi3O8)end-membercomponents.Thealkalifeldsparsareamong
themostabundantrock-formingmineralsintheEarth’scrustandareinvolved
inamultitudeofmineralreactions(Spear,1993).Theiroccurrenceinvirtu-
allyeverycrustalenvironmentmakesitvitaltohaveasoundknowledgeof
theirpropertiesandlargevarietyofintracrystallinemicrostructurestheyex-
hibitandtheprocessesunderlyingtheirformation.Inparticular,thechemical
compositions,zoningpatterns,aswellassizeandcompositionofexsolution
lamellaemaybearimportantpetrogeneticinformation(Beniseketal,2010;
Yund,1983;Abartetal,2009;Petrishchevaetal,2009).Itishighlyrelevant
forextractingquantitativeinformationfromsuchphenomenathatthekinet-
icsofdiffusion,inparticularthekineticsofsodium-potassiuminterdiffusion
inalkalifeldsparareknown.Reviewsofthestateofknowledgeondiffusion
inalkalifeldsparmaybefoundinFreer(1981),Brady(2012)andCherniak
(2010).
MajoreffortstounderstanddiffusionofNa+andK+inalkalifeldsparshave

beenmadeinthe1970sand80s. Mostoftheseearlystudiesfocusedonthe
quantificationofNa-andK-tracer-diffusionusingisotopetracerexperiments.
Both,thesectioningmethod(Sippel,1963;Bailey,1971,GilettiandShana-
han1997),aswellasbulkexchangeexperiments(Bailey,1971;LinandYund,
1972;Foland,1974;Gilettietal,1974;Kasper,1975)wereemployed.Thede-
terminationoftheNa-andK-tracer-diffusioncoefficientswasmotivatedin
partbythenotionthatthesodium-potassiuminterdiffusioncoefficientDNaK
canbecalculatedfromtherespectivetracerdiffusioncoefficients(Manning,
1968).However,theresultsoftheearlystudiesonNa-andK-tracer-diffusion
inalkalifeldsparshowconsiderablescatter,probablyduetotheinsufficient
homogeneityofthestartingmaterialusedandthelimitedanalyticalpossi-
bilitiesavailableatthetime.CalculationofDNaK fromthetracer-diffusion
coefficientsisthereforeproblematic,renderingdirectdeterminationofDNaK
byinterdiffusionexperimentsnecessary.
Relativelyfewstudiesdealingwiththedirectdeterminationofthesodium-

potassiuminterdiffusioncoefficienthavebeenconducted.Basedonthenotion
thatalkalifeldsparcanexchangeNa+ andK+ withitssurroundingswithout
changingthestateofSi-Alorderingonthetetrahedralsite,Petrovíc(1972)
performedcationexchangeexperimentsbetweenalkalifeldsparandanalkali-
chloridesaltmelt.Underdryconditions,cationexchangecanonlyoccurby
theinterdiffusionofNa+andK+onthealkalisub-latticeofthefeldspar.The
chemicalalterationofalkalifeldsparproducedbycationexchangecanthus
beusedfordirectdeterminationofthesodium-potassiuminterdiffusioncoef-
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ficientfromconcentration-distancedata.Oneofthemainproblemswithdi-
rectdeterminationsofthesodium-potassiuminterdiffusioncoefficientinalkali
feldsparisrelatedtotheformationofmicro-cracks.Thelatticeparameters
ofalkalifeldsparshowconsiderablecompositionaldependence(Krolletal,
1986;Angeletal,2012),andanycompositionheterogeneityintroducedinto
analkalifeldsparcrystalduringcationexchangeinducescoherencystress.This
mayleadtofracturing,ifthechangeinchemicalcompositionexceedsabout
10mole%forchemicalshiftstowardsmoresodium-richcompositions,and
about15mole%forchemicalshiftstowardsmorepotassium-richcomposi-
tions(Petrovíc,1972,1973;Neusseretal,2012;Scheidletal,2013).Special
caremustbetakenduringdirectdeterminationofthesodium-potassiumin-
terdiffusioncoefficientinalkalifeldspartoavoidfracturing.

Keepingthechemicalshiftslowerthan14mole%Petrovíc(1972)derived
DNaKfromachemicalshiftofalbitetoacompositionofXOr=0.1,andfrom
achemicalshiftofadulariawithinitialXOr=0.86toXOr=1.00,whereXOr
isthepotassiummolefractioninthealkalisublatticeofthealkalifeldspar.
Whereasforthecompositioninterval0 ≤XOr ≤0.1thesodium-potassium
interdiffusioncoefficientwasfoundtobeindependentofcomposition,asub-
stantialcompositionaldependencewasfoundforthecompositioninterval0.86
≤XOr ≤1.00.Irrespectiveofthecompositiondomaintheactivationenergy
wasdeterminedatabout250kJ/mole.

AnalternativeapproachwaspursuedbyChristoffersenetal(1983),who
useddiffusioncoupleexperimentsfordirectdeterminationofDNaK.Single
crystalsofalbiteandadulariawereputintocontactatapolishedfaceand
annealedat900oCand1000oCandatpressuresof0.5and1.5GPa.During
annealingtheinitialcompositionjumpacrossthecontactplaneevolvedinto
asigmoidalconcentrationprofilebysodium-potassiuminterdiffusion.Froma
pronouncedasymmetryoftheconcentrationprofileacrossthecontactplanea
compositionaldependenceofDNaKwasinferred,andtheBoltzmann-Matano
method(Matano,1933)wasusedforextractingDNaK(c).Aclearcomposi-
tionaldependenceofDNaK withaminimumatXOr ≈0.4andastrongin-
creasetowardsmorepotassium-richcompositionswasfound.Diffusioninthe
directionperpendicularto(010)wasfoundtobeaboutoneorderofmag-
nitudeslowerthaninthedirectionperpendicularto(001),indicatingdiffu-
sionanisotropy.ReasonablequalitativeagreementbetweenNa-andK-tracer-
diffusioncoefficientscalculatedfromself-diffusioncoefficientsbyKasper(1975)
andFoland(1974),andthedirectdeterminationwasfound.Theabsolute
valuesofthedirectdeterminationswere,however,substantiallylowerthan
predictedtheoretically.Duetothelimitationsofthemethod,theanalysisof
Christoffersenetal(1983)wasrestrictedtothecompositionrangeof0.10
≤XOr≤0.80,andthecompositionrange0.80≤XOr≤1.00wasnotcovered.
Manyalkalifeldspars,however,fallintothiscompositionrange,andknowl-
edgeofthediffusionpropertiesofpotassium-richalkalifeldsparsisofgreat
interest.Furthermore,apronouncedcompositionaldependenceofDNaK(c)
wasdocumentedinthiscompositionrange(Neusseretal,2012;Petrishcheva
etal,submitted).Itmustbenotedatthispointthatthecompositionshifts
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withinthetwocrystalsofthediffusioncouplewereabout50mole%closeto
thecontactplane,andmechanicaleffectsrelatedtotheassociatedchangein
thelatticeparametersofthetwocrystalsmaybeexpected.Sucheffectshave,
however,notbeendocumentedinthestudyofChristoffersenetal(1983),and
thepotentialeffectsonsodium-potassiuminterdiffusionintheseexperiments
arenotknown.

Thesodium-potassiuminterdiffusioncoefficientwasalsodeterminedfrom
homogenizationexperimentsdoneonperthiticalkalifeldspar(BradyandYund,
1983;HokasonandYund,1986).Thesedeterminationsare,however,restricted
tothedirectionperpendiculartotheexsolutionlamellaeandusuallycovera
ratherlimitedcompositionrange.BradyandYund(1983)usedasynthetic
perthitepreparedfromnaturaladularia,andnaturalperthiteasstartingma-
terials.Thesampleswereannealedat600◦CinPtcontainersopentothe
atmosphere.Theywereremovedrepeatedlytotakeprecessionphotographs
inordertodocumenttheprogressionofhomogenization.Theaverageinter-
diffusioncoefficientwasthencalculatedusingthediffusionequationforthe
finite,one-dimensionalgeometryofalamellarintergrowthbyCrank(1975),
thecriticalvaluesbeingthetimeneededforhomogenizationandthelamellar
spacing.Theypointoutthatthesodium-potassiuminterdiffusioncoefficient
cannotbeconstantfortheconditions.HokasonandYund(1986)conducted
thesameexperimentsusinganumberofnaturalfeldspars,focussingonthe
influenceofthedegreeoforderingonthehomogenization.Itwasfoundthat
disorderedcrystalshomogenizedat600◦C,incontrast,orderedfeldsparsdid
nothomogenizeevenwhentemperedat1000◦C.

MorerecentlycationexchangeexperimentssimilartothoseofPetrovíc
(1972)weredoneusinggemqualitysanidinefromtheEifelwithaninitial
compositionofXOr =0.84andKClmelt,whicharerpesentedintehcom-
panionpaperbyPetrishchevaetal,(submitted).Singlecrystalsofsanidine
weremachinedtoplates3x3x1mmwithpolishedbottomandtopfaces.Six
typesofdifferentlyorientedplateswereusedforthecationexchangeexper-
iments.Fromthechemicalprofilesobtainedinsixdifferentcrystallographic
directionsthefulldiffusivitytensoranditscompositionaldependenceinthe
compositionrange0.86≤XOr ≤0.99weredeterminedfor850

oCand1bar.
Sodium-potassiuminterdiffusionwasfoundtobemarkedlyanisotropicwith
slowdiffusioninthedirectionperpendicularto(010).Asubstantialdiffusion
anisotropywasalsofoundwithinthe(010)planewithrelativelyfastdiffusion
inthedirectionperpendicularapproximatelyto(101)andrelativelyslowdiffu-
sioninthedirectionperpendicularapproximatelyto(10̄1).Inthecomposition
range0.86≤XOr≤0.95onlyaweakcompositionaldependenceofDNaKwas
found,whereasatXOr≥0.95asubstantialincreaseofDNaKwithincreasing
XOrwasdetected.

InthisstudywepresentdirectdeterminationsoftheNa-Kinterdiffusion
coefficientsintherangeof800oCto1000oCandcoveringthecomposition
range0.65≤XOr≤0.99. WeusetwodifferentsanidinesfromtheEifelwith
initialcompositionsXOr =0.72andXOr =0.84sothattheentirecomposi-
tionrangecouldbecoveredwhilekeepingthecompositionshiftstowardsmore
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sodium-richcompositionslowerthanabout10mole%andcompositionshifts
towardsmorepotassium-richcompositionslowerthanabout16mole%,so
thatthemechanicaleffectsassociatedwithchemicallyinducedlatticestrain
couldbeminimized.Thechemicalpatternsproducedbycationexchangewere
usedfordirectdeterminationofthecompositionaldependenceoftheinterdif-
fusioncoefficient.Thetheoreticalbasisforanalyzingcompositiondependent,
anisotropicdiffusioninamonocliniccrystalispresentedinthecompanionpa-
perbyPetrishchevaetal.,(submitted).Theresultsarediscussedinthelightof
earlierdeterminationsandtheoreticalcalculationsbasedonaninterdiffusion
modelforioniccrystals(Manning1968).

2 Methods

Startingmaterials

TwogemqualitysanidinesfromthelocalitiesVolkesfeldandRockeskyllfrom
theEifel(Germany)wereusedasstartingmaterials.Thesanidinesfromthe
Eifelareknownfortheirchemicalhomogeneityandhavebeenwellcharacter-
izedinvariousstudies(RileyandBailey,2003;ParsonsandLee,2005; Weitz,
1972;Neusseretal,2012;Demtr̈oder,2011).Thechosencrystalsareoptically
clear.ThesanidinefromVolkesfeldiseithercolorlessorsmokybrownincolor.
ThesanidinefromRockeskylliscolorless.Piecesofeachfeldsparwereana-
lyzedusingscanningelectronmicroscopyandelectronmicroprobeanalysis.
Theselectedfeldsparsturnedouttobechemicallyhomogenouswithinthe
resolutionoftheappliedmethodsandarefreeoftwins,exsolutions,second
phaseprecipitates,microcracksoranyotherstructuralflawsorheterogeneities.
Mineralchemicalanalysesofbothfeldsparsaregivenintable1.Theinitial
compositionsoftheVolkesfeld-andtheRockeskyllsanidinesareOr85Ab14Cs1,
andOr72Ab26Cs2(Demtr̈oder,2011),respectively,withminorironcontents
ofabout0.1to0.2wt.%FeO.Bothfeldsparshavemonoclinicsymmetryand
crystallizedinthespacegroupC2/m.Aluminumandsilicononthetetrahedral
sitearehighlydisorderedwithΣt1=61(Volkesfeld)(Neusseretal,2012)and
Σt1=0.58-0.62(Rockeskyll)(Demtr̈oder,2011).Althoughthereisnodiffer-
enceinchemicalcompositionorAl-Si-orderbetweenthecolorlessandsmoky
brownvariantsofthesanidinefromVolkesfeldallsampleswerepreparedfrom
thesmokybrownvarianttoensurethatthestartingmaterialisasuniform
aspossible.Thelatticeorientationsofmilimetre-sizedpiecesofthefeldspars
weredeterminedonafour-circlegoniometer.Theywerethenpreparedaspol-
ishedplatesof3x3mmsizeand1mmthicknesswiththepolishedsurfaces
correspondingtoeitherthe(001)or(010)planesofthefeldspar.

Exchangeexperiments

Foreachexperimentasinglepolishedplateofsanidinewassealedinaquartz
glasstubeundervacuumtogetherwithamixtureofNaCl-KCl(orNaBr-KBr
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Table1 Electronmicroprobeanalysesofbothstartingmaterials;V5,V14,V16andV22are
samplesofthesanidinefromVolkesfeld.SamplesERN3,ERS1andERS37aresanidines
fromRockeskyll,theywereanalzedbyDemẗoder(2011)attheRuhr-UniversityBochum.

wt% V5 V14 V16 V22 ERN3 ERS1 ERS37

SiO2 63.68 64.30 63.93 64.72 64.86 64.95 64.75
Al2O3 18.62 18.56 18.82 18.71 18.66 18.9 18.9
TiO2 0.00 0.00 0.04 0.00 0.03 0.03 0.04
FeO 0.18 0.14 0.18 0.10 0.15 0.16 0.21
MgO 0.00 0.00 0.00 0.00 0.01 0.01 0.02
CaO 0.01 0.01 0.01 0.02 0.01 0.01 0.02
Na2O 1.65 1.64 1.72 1.70 2.83 3.03 2.95
K2O 14.01 14.32 13.97 13.85 12.26 12.13 12.1
BaO 0.83 0.60 0.86 0.55 1.23 1.25 1.46
SrO 0.18 0.05 0.14 0.07 0.2 0.22 0.04
Rb2O 0.03 0.05 0.05 0.05 n/a n/a n/a

Σ 99.181 99.686 99.722 99.775 100.23 100.7 100.49

for800◦Cexperiments)salts.Theplateswerepre-polishedbyhandon
adiamondpolishingdisk,thefinalpolishing wasdoneonasilk
polishingclothwith1µmdiamondpowder.Thesalthadaspecific
potassiummolefractiontoproducethedesiredcompositionshiftin
thefeldsparthroughcationexchange.Theamountofsaltwaschosenso
thata40:1molarproportionofthealkalicationswascontainedinthesalt
relativetothefeldspartoensurequasiconstantcompositionofthesaltduring
cationexchange.Thesealedtubeswerethenheatedtotemperaturesbetween
800and1000◦Cinaboxfurnaceatatmosphericpressure.Temperatures
were measured withatype Nthermoelementand wereaccurate
within±1◦C.

Experimentswithselectedsaltconcentrationsweredoneforrundurations
of1to64daysandattemperaturesbetween850◦Cand1000◦CusingNaCl
andKClsalt.Forexperimentsat800◦CNaBr(Tmelt =747

◦C)andKBr
(Tmelt=734

◦C)saltswereused.Allexperimentsarelistedintable2.

Thecrystalplatesretainedtheirsurfacepolishaftercationexchangeand
noindicationofsurfacereactionorrecrystallizationwasfound.Afterexchange
theplateswerecutintwomutuallyperpendiculardirectionsandthickslides
werepreparedthatallowedmeasurementsofconcentrationprofilesinthree
crystallographicdirections(figure1).Thesampleswerepolishedmechanically
usingdiamondpastewithdecreasinggrainsizesdownto0.25µmonpolyamide
pads.Fororientationanalysisbyelectronback-scatterdiffractionthesamples
wereadditionallypolishedchemo-mechanicallyusingacolloidalsilicasuspen-
sion(K̈ostrosol,pH9.2to10),apolyurethanepolishingpadandanactive
rotaryheadpolishingapparatustoensureadefectfreecrystallatticeatthe
immediatesamplesurface.
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Table2 Temperatures,saltmixturesandrundurationsforcationexchangeexperiments.

T[◦C] XsaltK XeqOr runduration[d]

Vo
l
ke
sf
el
d

800 0.48 0.80 32
1.00 1.00 32

850

0.30 0.70 1,2,4,8,16,32,64
0.35 0.92 8
0.60 0.97 1,2,4,8,16,32,64
0.85 0.73 1,2,4,8,16,32,64
1.00 1.00 1,2,4,8,16,32,64

920 1.00 1.00 1,2,4,8,16
950 1.00 1.00 1,2
1000 1.00 1.00 1

R
o
c
ke
s
k
yl
l

800 0.37 0.65 32
0.55 0.80 32

850
0.22 0.45 4,8,16
0.50 0.85 4,8,16
1.00 1.00 8

920 0.50 0.82 2
950 0.50 0.81 1
1000 0.50 0.81 1

(010)

b
a

c*

(010) (100)

c

a
b

(001)
c*

b

a
(001)

Fig.1 left:sketchoffeldsparcrystalwith(100),(010),and(001)facesdeveloped;3x3x1
mmsizedplateswiththeirlargefacesparallelto(010)or(001)werecutfromthefeldspar
foruseincationexchangeexperiments;aftercationexchangethe(010)(middle)and(001)
(right)plateswerecutintwodirections, mountedinresin,groundandpolishedsothat
theplanesshowningreyareonthepolishedsamplesurfacereadyforEMPAanalysis;grey
shadesschematicallyindicatechemicalalterationofthecrystal.

Scanningelectronmicroscopyandcrystalorientationanalysis

Thesampleswerecarboncoatedusingadoublecarbon-threadatadistance
ofabout8cmfromthesamplesurfaceundervacuumconditionsbetterthan
10−5mbarchamberpressuretoestablishelectricalconductivity.BSEimaging
wasdoneusinganFEIInspectSscanningelectronmicroscopewithatungsten
filamentelectronsource.BSEimagingwasdoneathighcontrastsettingsso
thatvariationsinXOrofafewpercentcouldreadilybediscernedfromchanges
inthegreyshadeonBSEimages.

Forelectronback-scatterdiffractionanalysis(EBSD)athinnercarbon
coatingthanforimagingwasapplied,usingonlyasinglecarbonthreadatthe
sameconditionstoestablishelectricalconductivity.EBSDdatawereacquired
usingaFEIQuanta3DFEGmicroscopeequippedwithafield-emissionelec-
tronsourceandanEDAXDigiviewIVEBSDcamera.Thesamplewastiltedto
70◦inordertoreachabeamincidenceangleof20◦withrespecttothesample
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surface.Theedgesofthefeldsparcrystalswerealignedparalleltothex-and
y-directionsofthescanreferencesystembystagerotation.Theelectron-beam
wassetto15kVacceleratingvoltageand4nAprobecurrentinanalyticmode
usingaSEMapertureof1mm.Theworkingdistancewasbetween12and14
mm.A2x2or4x4binningoftheEBSDcamera-resolutionwasapplied.Hough
settingswereadjustedforeachgrainaccordingtotheEBSDpatternquality
ofthegrain.Commonsettingswere1◦thetastepsizeandaminimumpeak
distanceof8to12mmforindexing3to20Houghpeaks.Amedium(9x9)
orlarge(13x13)convolutionmaskwasappliedtotheHoughspaceinorderto
eliminateartificialpeaksandenhanceweakbands.Onlytheinteriorportion
oftheEBSDpatternwasusedforindexing,determinedbytheρ-fractionof
60%to85%.EBSDmapswereobtainedbybeam-scanningacrossa40x40µm
to100x100µmsizedareausingahexagonalgridatastepsizeof10to15
µm.Thelargestep-widthwaschosentoavoidbeamdegradationduetothe
lowelectron-beam-stabilityoffeldspar.Theelectronbackscatterdiffraction
patternswereacquiredandprocessedusingthesoftwarepackagesOIMData
CollectionandAnalysis.10to100datapointswerecollectedforeachcrystal.
Incaseofinconsistentautomaticindexing,additionalsinglepointanalyses
wereperformedandindexingstatisticswerecheckedinordertoidentifythe
correctorientationofthecrystal.

Electronmicroprobeanalysis

Fortestingthehomogeneityanddeterminingtheinitialcompositionofthe
startingmaterials,fragmentsofseveralcrystalswereembeddedinepoxyresin
andpolished.EPMAmeasurementsweredoneusingaCAMECASX-100at
theCenterforEarthSciences,UniversityofVienna.Theinstrumentwasoper-
atedatahighvoltageof15kVandabeamcurrentof15to20nA.Thebeam
wasdefocusedto3µmindiametertominimizethelossofNaandKbymigra-
tion.Mineralchemicalanalysisofthesamplesaftercationexchangewasdone
usingathermalfieldemissionelectrongunJEOLJXA-8500F(Hyperprobe)at
theHelmholtzzentrumPotsdam-GermanResearchCentreforGeosciences.
Mineralcompositionswereanalyzedalongprofilesbetween15and150 µm
lengthwith0.5µmor1µmstep-size,dependingonthewidthandsharpness
ofthediffusionfronts.Theprofilesweremeasurednormaltothetracesofthe
surfacesoftheexchangedsamples(figure1).Theinstrumentwasoperatedat
anacceleratingvoltageof8kVandatabeamcurrentof10nA.Thebeamwas
defocusedto10µmforcalibrationandfullyfocusedduringmeasurements.All
elementsweremeasuredsimultaneously.Peakcountingtimesweresetto10
secondsandbackgroundcountingtimeto5secondstominimizelossofNaand
Kbymigrationduringmeasurement. Withthesesettingsalateralresolution
ofbetterthan500nmcouldbeachievedformineralchemicalanalyses.
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3Results

DiffusionFronts

InallexperimentsthecationexchangebetweenfeldsparandNaCl-
KClorNaBr-KBrsalt meltproducedazonechemicallyalteredby
diffusionalongthesurfacesofthefeldsparplates.Thecomposition
ofthechemicallyalteredsurfacelayerwasdeterminedbythecompositionof
thesaltmeltandbythealkali-feldspar-salt-meltequilibriumpartitioncoeffi-
cient.Differentchemicalpatternsandmicrostructuresevolvedduringcation
exchangedependingonwhetherthecompositionofthefeldsparwasshifted
towardsmoresodium-richortowardsmorepotassium-richcompositions.

Forshiftstowardsmorepotassium-richcompositionsregular,lightgrey
rimsareobservedonBSEimagesalongtheouteredgesofthecrystalplates
(figure2).Theycorrespondtothedomainswithinthefeldsparwhichhave
beenenrichedinpotassiumduringcationexchange.Thepotassium-enriched
domainspropagatefurtherintotheinteriorofthecrystalplateswithtime.
Penetrationofthepotassiumintothecrystalandconcomitantremovalof
sodiumfromthecrystalinteriorcanonlyoccurbysodium-potassiuminterdif-
fusiononthealkalisublatticeofthefeldspar.Thechemicallyalteredrimand
theinteriordomainswiththeoriginalcompositionpreservedareseparatedby
moreorlesssharptransitionzones,whichwillhenceforthbereferredtoas
diffusionfronts.FromBSEimagesandchemicalprofilesmeasuredacrossthe
diffusionfrontsproducedfromexchangewithpureKClmeltat850oCitis
seenthatdiffusionfrontsaresharpalongprofilesmeasuredinthedirection
perpendiculartothe(010)planeandcomparativelybroadinprofilesmeasured
alongthedirectionperpendiculartothe(001)plane(figure2).Itisinterest-
ingtonotethatsharpdiffusionfrontsinthedirectionperpendicularto(010)
onlyoccurifthefeldsparcompositionisshiftedtopotassiummolefractions
inexcessof0.95.Ifthecompositionshiftisless,thefrontsarecomparatively
broad(seefigure3)

Identifyingthepositionofthediffusionfrontsbythepositionoftheinflec-
tionpointinthecompositionprofileandplottingthefront-positionrelative
tothegrainsurfaceversusthesquarerootoftimeyieldsalineartrend(figure
4),asisexpectedfordiffusioncontrolledcationexchange.Itisinterestingto
notethattherateoffrontpropagationissomewhatslowerinthedirection
perpendicularto(010)thanperpendicularto(001).

Forshiftstowardsmoresodium-richcompositionsagradualchangeincom-
positionfromthefullyexchangedsurfacetowardsthegraininteriorisobserved,
irrespectiveofthecrystallographicdirection.Thecompositionprofilesdonot
showaninflectionpoint.Forcompositionshiftstowards moresodium-rich
compositionsofmorethanabout10mole-%thedevelopmentofasystemof
parallelcracksisobserved.Thisisduetothepronouncedcompositionalde-
pendenceofthelatticeparametersofalkalifeldspar.Thechemicallyinduced
changesinthelatticeparametersareaboutfivetimeslargerinthecrystallo-
graphica-directionthanintheb-andc-directions(Krolletal,1986;Angelet
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Fig.2 Composition-distancedataandcorrespondingBSEimageobtainedfromVolkesfeld
sanidineafteracompositionshifttowardsXOr =1.0at850

oC:top:profileperpendicular
to(010)typicallyshowsasharpcompositionfront;bottom:profileperpendicularto(001)
typicallyshowsabroadcompositionfront;dottedhorizontallinesindicatetheoriginalcom-
positionofthesanidineXOr =0.85.

Fig.3 Composition-distancedataandcorrespondingBSEimagesobtainedfromVolkesfeld
sanidineaftercationexchange;bothprofilesweretakenparalleltothecrystallographicb-
directiontop:shifttoXOr =1.0producesasharpcompositionfront;bottom:shifttoXOr
=0.90producesacomparativelybroadfront;whitearrowsonBSEimagesindicateposition
andorientationoftheproflles;dottedhorizontallinesindicatetheoriginalcompositionof
thesanidineXOr
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Fig.4 Thicknessofthechemicallyalteredsurfacelayerforshiftstowardsmorepotassium-
richcompositionsversus

√
t;datafor850oC.
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al,2012).Anycompositionalheterogeneityinasinglecrystalofalkalifeldspar
producescoherencystrainandassociatedelasticstress.Ifthechemicallyin-
ducedstressbecomeslargerthansomecriticalvalue,fracturingoccurs.The
fracturingproducedbycationexchangeandchemicalshiftofalkalifeldspar
towardsmoresodium-richcompositionswasanalyzedindetailbyNeusseret
al(2012)andScheidletal(2013).Thelatterauthorsshowedthatthesaltmelt
penetratedintotheinteriorofthecrystalplatesalongthecracks,andchemical
alterationalsoextendedfromthecrackwallsintothefeldsparcrystalproduc-
ingcomplexchemicalpatterns.Actually,insomeexchangeexperimentswith
pureKClmelt,i.e.,forcompositionshiftstowardsmorepotassium-richcom-
position,cracks,albeitwithacomplexgeometry,werealsoobserved(Schaeffer
etal,submitted).Intheanalysisofsodium-potassiuminterdiffusionthatfol-
lowsweavoidedsuchcracksandtheircompositionhaloesinordertokeepthe
diffusionproblemone-dimensional.Thepresenceofunobservedcracks
withintheactivationvolumeduringanalysiscanofcoursenotbe
completelyruledoutbutduetothesmallsizeoftheactivationvol-
umeandthegeometryofthecrackswearereasonablycertainthat
the majorityofouranalysesareuninfluencedbycracks.

ExtractionoftheNa-Kinterdiffusoncoefficient

Giventhe40-foldmolarexcessofthealkalicationscontainedinthesalt-meltas
comparedtothealkalicationscontainedinthefeldsparthecompositionofthe
meltremainspracticallyconstantduringcationexchangeimplyingaconstant
Na/Kratioatthecrystalsurface.Inthelightofthisboundarycondition,the
geometryofthemolefractionprofiles,inparticulartheexistenceofinflection
pointsinthemolefractionprofilesobtainedforshiftstowardspotassium-rich
compositionswithXOr ≥0.95,pointtoacompositionaldependenceofthe
sodium-potassiuminterdiffusioncoefficient(Crank,1975;Petrishchevaetal,
submitted). Whenextractingthesodium-potassiuminterdiffusioncoefficient
fromtheconcentration-distancedata,theconcentrationdependentnatureof
theinterdiffusionprocessmustbeaccountedfor.Atechniqueforintegrating
thediffusionequationwithacompositiondependentdiffusioncoefficientwas
developedbyBoltzmann(1894).Ithasbeenadaptedforapplicationtothe
specificinitialandboundaryconditionscorrespondingtotheexperimental
settingofourcationexchangeexperimentsinthecompanionpaperbyPetr-
ishchevaetal(submitted).Thecalculationprocedureisbrieflysummarized
below,aderivationisgiveninPetrishchevaetal(submitted).

Weconsiderdiffusiononlyinthedirectionsperpendiculartothe(001)and
the(010)surfacesofthecrystalplates.Theprofileswerealltakenatsuffi-
cientlylargedistancesfromtheedgesofthecrystalplatesandfromcracksso
thatcomplexitiesofthechemicalpatternswereavoided.Thediffusionprocess
underlyingtheobservedcompositionprofilescanthenbetreatedasstrictly
one-dimensional.Thebasicequationforobtainingthecompositiondependent
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sodium-potassiuminterdiffusioncoefficientthenreads(Petrishchevaetal,sub-
mitted)

D(c)=−2
dη

dc

c

c2

η(c)dc, (1)

wherecisashorthandnotationforXOr,c2istheinitialbulkmolefractionin
thefeldsparcrystaland

η=
x

2
√
t
definedfor t>0, (2)

isBoltzmann’ssimilarityvariablecombiningthespacevariablexandtime
tintoasinglevariable.
TheprocedureofextractingDNaK(c)involvedtwosteps.Inafirststep

η=x/(2
√
t)wascalculatedforeachmolefractionprofile,whichwasthen

recastintheformc(η)andsmoothed.Inasecondstep,theinversefunction
η(c)wasinsertedintoeq.(1)toobtainDNaK(c).Thevalidityoftheanalysis
wastestedbyback modelingofthediffusionusingtheextractedsodium-
potassiuminterdiffusioncoefficient,whichgenerallygaveperfectagreement
betweencalculatedandexperimentallyobserved molefractionprofiles(see
alsoPetrishchevaetal,submitted).
Smoothmolefractionprofileswithoutsharpdiffusionfrontsyieldanearly

constantsodium-potassiuminterdiffusioncoefficient.Inthiscasetheinterdiffu-
sioncoefficientcanalsobeobtainedbyfittingtothewellknownerror-function
solutionfordiffusionintoasemi-infinitehalf-spacewithaconstantconcentra-
tionontheboundaryandaconstantdiffusioncoefficient(Crank,1975).Both
approachesindicatethatthecompositionaldependenceofDNaK is minute
forc<0.95,seefigure5.Ontheotherhand,toexplaintheobservedsteep
frontsdevelopingforcompositionshiftstohigh-potassiummolefractionswith
XOr≥0.95itiscrucialtoaccountforthequickincreaseofDNaK(c)ascap-
proaches1.Thisincreaseisquantifiedbyeq.(1).Theseresultsarediscussed
inmoredetailinthenextsection.

Compositionandtemperaturedependenceofthesodium-potassiuminterdif-
fusioncoefficient

Thecompositionaldependenceoftheinterdiffusioncoefficientwasextracted
forthecompositioninterval0.65<XOr <0.99,forthedirectionsnormalto
(001)andnormalto(010),fortemperaturesbetween800and1000◦C,andfor
rundurationsbetween1and64days(seefigure5).
Thesodium-potassiuminterdiffusioncoefficienthaslittleornocomposi-

tionaldependenceovermostofthecompositionrangeof0.65≤XOr≤0.95.
Atverypotassium-richcompositionsofXOr ≥0.95itshowsasubstantial
increasewithincreasingXOr.TheincreaseinDNaK towardsthepotassium
end-membercompositionofthealkalifeldsparisobservedinboththedi-
rectionsperpendicularto(010)andperpendicularto(001).Theincreaseis,
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Fig.5 CompositionaldependenceofDNaK at800
oC,850oC,920oC,950oC,and1000oC.

however,moreabruptandmorelocalizedincompositioninthedirectionper-
pendicularto(010)thanperpendicularto(001).Itisalsoseenthatforthe
entirecompositionrangesodium-potassiuminterdiffusionisfasternormalto
(001)thannormalto(010).

Similartrendsareobservedatalltemperaturesconsideredin
thisstudy.ForagivencompositionDNaK increases withtempera-
turewiththeonlyexceptionat920◦C.Theinterdiffusioncoefficient
extractedfromexperimentsat920◦Cis muchhigherthanwouldbe
expected,exceedingthevaluesfor950◦Candeven1000◦C.Similar
resultsbeingobtainedfromseveral,separatelyconductedexperi-
ments,indicatedthatthisisnottheeffectoffaulty measurements
orpreparation.Thehigherthanexpectedvaluesmaybeaneffectof
thechangesofphysicalpropertiesdocumentedforEifelsanidinein
thistemperaturerange(Bertelmannetal,1985;Demtr̈oder,2011),
theimplicationsof whichforsodium-potassiuminterdiffusionare
notknowntodate.Asitisstatedinliteraturethatthechangesare
irreversible,twoplatesof Volkesfeldsanidine withpolished(010)
surfaces weretemperedat1050◦Cforfourdaysandcooleddown
veryslowly.Subsequentlytheywereexchangedat850◦Cfor8days
andshiftedtoXOr1.0and0.73,respectively,totestiftheanomalous
behaviourhasaninfluenceontheoverallprocessesofdiffusion.The
resultingdiffusionprofiles wereidenticaltothoseobservedinun-
temperedsamples.Thus,iftheanomalyknownforEifelsanidines
hasaninfluence,itseemstobelimitedtothetemperaturerange
oftheactualchangestotheopticalproperties.Furtherexperiments
beyondthescopeofthisstudywouldbeneededtoinvestigatethis
further.ThevaluesforDat920◦Cwerenotconsideredinderiving
anactivationenergy.

DNaK=D0Exp −
EA
RT ,where

D
⊥(001)
0 (0.92)=4.63·10−8m2/s, E

⊥(001)
A (0.92)=179kJ/mole

D
⊥(001)
0 (0.98)=1.66·10−7m2/s, E

⊥(001)
A (0.98)=181kJ/mole

D
⊥(010)
0 (0.92)=1.97·10−4m2/s, E

⊥(010)
A (0.92)=286kJ/mole

D
⊥(010)
0 (0.98)=3.27·10−4m2/s, E

⊥(010)
A (0.98)=277kJ/mole
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Fig.6 TemperaturedependenceofDNaKfordirectionsperpendicularto(001)andperpen-
dicularto(010)andfortwocompositions.

Table3 Interdiffusioncoefficientsin[m2/s]forVolkesfeldsanidineinthedirectionsper-
pendicularto(001)andperpendicularto(010)andfortwocompositions

⊥(001) ⊥(010)

XOr 0.92 0.98 0.92 0.98

T
[
◦
C]

800 5.80∗10−17 1.46∗10−16 2.03∗10−18 7.90∗10−18

850 4.90∗10−16 1.40∗10−15 3.83∗10−18 1.29∗10−17

920 2.62∗10−15 7.38∗10−15

950 7.62∗10−16 2.19∗10−15 1.35∗10−16 4.41∗10−16

1000 2.19∗10−15 6.12∗10−15 3.24∗10−16 1.07∗10−15

.
ThecorrespondingArrheniusdiagramisshowninfigure6,thein-
terdiffusioncoefficientsarefoundintable3.

4Discussion

Ourfindingsfromthecationexchangeexperimentscanbesummarizedas
follows:(1)sodium-potassiuminterdiffusionismarkedlycompositiondepen-
dentatXOr ≥0.95.(2)Incontrast,thecompositionaldependenceofDNaK
isminuteorentirelyabsentinthecompositionrange0.65≤XOr≤0.95.(3)
Forallcompositionssodium-potassiuminterdiffusionisslowerinthedirection
perpendicularto(010)theninthedirectionperpendicularto(001).(4)This
behaviorisfoundatalltemperaturesfrom800oCto1000oC.
AcompositionaldependenceofDNaK wasalreadyfoundinearlierstud-

ies(Petrovíc,1972;Christoffersenetal,1983;Petrishchevaetal,submitted).
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UsingalbitewithXOr =0.00andorthoclasewithXOr =0.86incationex-
changeexperimentsPetrovíc(1972)observedthatDNaK wasindependentof
compositioninthecompositionrange0.00≤XOr≤0.1whereasapronounced
compositionaldependencewasobservedforpotassium-richcompositionswith
XOr≥0.86.
InthestudybyChristoffersenetal(1983)classicaldiffusioncoupleswere

used,whichwerecomprisedofalbiteandadulariasinglecrystalsputinto
contactatapolishedinterface.Duringannealingat900oCand1000oCthe
initialcompositionaldifferenceacrossthealbite-adulariacontactdegradedby
Na+-K+cationexchangebetweenthetwocrystalsproducingasigmoidalmole-
fractionprofile.TheclassicalBoltzmann-Matanoanalysiswasusedforextract-
ingthecompositiondependentDNaKinthecompositionrange0.10≤XOr≤
0.80.AminimumwasfoundinDNaKatXOr≈0.4andanincreasebyafactor
of2.5towardsXOr=0.1aswellasanincreasebyafactorofabout10towards
XOr=0.8(figure7).Theanalysisofour1000

oCexperimentsyieldsDNaK(c)
whichextendstheearlierdeterminationsbyChristoffersenetal(1983)to
higherXOr withoutanyapparentjumpforboththedirectionperpendicular
to(010)andthedirectionperpendicularto(001)(figure7).Asour850oC
experimentsextendoverawidercompositionrangewere-calculatedthemfor
1000oCusingtheactivationenergiesdeterminedfromourexperiments(dashed
curvesinfigure7).Therecalculatedvaluesplotsomewhathigherthanthedata
measuredat1000oC.Intheoverlappingcompositionrange0.7≤XOr≤0.8,
whereweobserveonlyminorcompositionaldependenceofDNaK,ourdata
deviatesfromthoseofChristoffersenetal(1983),whoobservedamorepro-
nouncedcompositionaldependence.
ActuallyastrongincreaseinDNaK(c)similartowhatweobserve

inourexperimentsispredictedfromthe modelforsubstitutional
interdiffusioninanioniccrystalasgivenby Manning(1968),when
theself-diffusionofsodiumisassumedtobesignificantlyfasterthan
thatofpotassium;basedonexistingliteraturedatathisassumption
canbesafely made.Forthecaseofsodium-potassiuminterdiffusion
inalkalifeldsparthisreads

DNaK=
D∗Na(c)D

∗
K(c)

(1−c)D∗Na(c)+cD
∗
K(c)

1+
∂lnγOr
∂lnc

, (3)

whereD∗Na(c)andD
∗
K(c)arethesodiumandthepotassiumself-diffusion

coefficients,respectively,whichareconsideredascompositiondependent,and
γOr istheactivitycoefficientoftheorthoclasephasecomponentinthealkali
feldsparsolid-solution.
Figure7showstheoreticalcalculationsbasedonequation3incompari-

sonwiththedirectlydeterminedvaluesofDNaK(c)fromthisstudyandfrom
Christoffersenetal(1983).Thereisreasonablequalitativeagreementbetween
ourdirectdeterminationsofDNaK(c)fordiffusioninthedirectionsperpendic-
ularto(001)andperpendicularto(010)andthetheoreticalcalculations.Our
directdeterminationsindicate,however,slowersodium-potassiuminterdiffu-
sionbyafactorofaboutfivetotenthancalculatedtheoreticallyfordiffusion
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perpendicularto(001)andslowerbyalmosttwoorderofmagnitudefordif-
fusioninthedirectionperpendicularto(010).Thesametrendwasobserved
byChristoffersenetal(1983),however,theirvaluesdeviateevenmoresignif-
icantlyfromthosepredictedformoresodium-richcompositions,whichwere
notcoveredinourexperiments.Thesediscrepanciesinabsolutenumbersare
probablyduetothefactthattheNa-andK-tracer-diffusioncoefficientsthat
wereinsertedintoequation3forconstructingthediagraminfigure7werede-
terminedusingbulkexchangeexperiments.Forthesodium-richcomposition
bothD∗Na andD

∗
K weretakenfromKasper(1975),andforthepotassium-

richcompositionbothD∗Na andD
∗
K weretakenfromFoland(1974).Inthese

studiescarefullysizedfragmentsofnaturalorthoclase(XOr=0.94)andalbite
(XOr =0.01),wereexchangedwitha

41KCl-22NaClaqueoussolution,the
compositionofwhichwaschosentoensurechemicalequilibriumbetweenthe
feldsparandthesolutionsothatmeasuredbulkisotopeexchangecouldsafely
beascribedtodiffusionratherthandissolutionre-precipitation.Toaccount
forpotentialdiffusionanisotropythediffusioncoefficientswerecalculatedas-
sumingcylindricalgeometry.Bythismethodslowdiffusioninonedirection
(⊥(010)-correspondingtothecylinderaxis)andfastdiffusionintheplane
perpendiculartothisdirection(i.e.,inthe(010)plane)canbetakeninto
consideration.ItwasarguedbyPetrovíc(1973)thatsodium-potassiuminter-
diffusionisisotropicwithinthe(010)planeofalkalifeldspar.Recentfindings
byPetrishchevaetal(submitted)revealed,however,apronouncedanisotropy
ofsodium-potassiuminterdiffusionwithinthe(010)planeofalkalifeldspar.It
isthuswellpossiblethatthedeterminationsofthetracerdiffusioncoefficients
bybulkexchange(Foland,1974;Kasper,1975)werebiasedbythecontribu-
tionofdiffusioninthefastestdirection.ThetheoreticallycalculatedDNaK(c)
thusprobablycorrespondstodiffusioninthefastestdirection,whichisparal-

leltothe[101]direction(Petrishchevaetal,submitted).TheD
⊥(001)
NaK (c)and

D
⊥(010)
NaK (c)arethusexpectedtobeslowerthanthistheoreticallycalculated
interdiffusioncoefficient,whichisinlinewiththerelationsshowninfigure7.

Itmustbenotedthatareasonablequalitativeagreementbetweenthedi-
rectdeterminationsofDNaK(c),whichwereconductedbyChristoffersenetal
(1983)andinourstudy,withthepredictionsobtainedfromtheinterdiffusion
modelinequation(3)isonlyobtained,ifthedataforthetracer-diffusion
coefficientsD∗Na andD

∗
K aretakenfromKasper(1975)forsodium-richcom-

positionsandfromFoland(1974)forpotassium-richcompositions.Thereare
severalotherdeterminationsofD∗NaandD

∗
K availableinliterature(seefigure

7).Forconstructingthediagraminfigure7thechoiceoftheself-diffusion
coefficientswasmadesuchthatD∗Na(c) D∗K(c).Atpotassium-richcompo-
sitionsofthealkalifeldsparDNaK approachesD

∗
Na(c)(seeeq.3),andthis

choiceofthetracer-diffusioncoefficientsproducesthestrongincreaseinthe
calculatedDNaK(c)towardspotassiumend-membercomposition.

Thischoiceofthetracer-diffusioncoefficientscombinedwiththenonide-
alityofthealkali-feldsparsolid-solutionalsoproducesthepronouncedcompo-
sitionaldependenceofDNaKatintermediatecompositionswiththeminimum



Sodium-potassiuminterdiffusioninpotassium-richalkalifeldsparII 17

ofDNaK(c)atacompositionofXOr≈0.4asobservedbyChristoffersenetal
(1983).Inthecompositionrange0.65≤XOr ≤0.80thetrendsinDNaK(c)
derivedfromourdirectdeterminationsare,however,differentfromthetrends
obtainedfromthedirectdeterminationsofChristoffersenetal(1983)and
alsofromwhatispredictedbasedonequation3usingthetracer-diffusion
coefficientsfromKasper(1975)andFoland(1974).Inparticular,wefinda
minuteornocompositionaldependenceofDNaK inthiscompositionrange,
whereasasubstantialincreaseofDNaK withincreasingXOr isdocumented
inthestudyofChristoffersenetal(1983)andisalsopredictedtheoretically.
ADNaKwhichisindependentofcompositionwouldbepredictedfromequa-
tion3,ifD∗Na ≈D

∗
K ≈const.Suchasituation,would,however,notpredict

thepronouncedincreaseofDNaK inthecompositionrangeof0.95≤XOr ≤
1.00.Inthelightofthisapparentincommensuratenessbetweentheoretical
predictionsanddirectdeterminationswespeculateaboutthepresenceoftwo
differentsodiumspeciesthatmaycontributetosodium-potassiuminterdiffu-
sioninalkalifeldspar.Duetoitsrelativelysmallionicradius,Na+mayoccupy
interstitialpositions(Behrensetal,1990;GilettiandShanahan,1997).Onthe
onehand,suchinterstitialNa+couldcharge-balancevacanciesontheregular
alkalilatticesites,andbythismechanismitcouldfostervacancyformationon
thealkalisublatticeandthusenhancesodium-potassiuminterdiffusionbythe
vacancymechanism.Ontheotherhand,theinterstitialNa+couldmakeafast-
diffusingNa-speciesbyaninterstitialcymechanism(Petrovíc,1972;Christof-
fersenetal,1983;GilettiandShanahan,1997).Thetotalconcentrationsof
suchinterstitialNa+ isprobablyverylow,irrespectiveofthecompositionof
thealkalifeldspar.TowardshighXOr,whenthetotalsodium-concentration
inthefeldsparbecomeslow,theinterstitialNa+mayformasubstantialfrac-
tionofthetotalsodiumcontainedinthefeldspar.Bythismechanismthe
self-diffusionofsodiumwouldincreaseappreciablytowardshighpotassium
molefractioninthealkalifeldspar,andaconcomitantriseofDNaK would
result.Itmaybearguedbasedonthecrystalstructure(Petrovíc,1972;Jones
etal,2004)thatavacancymechanismisindispensablefordiffusioninthe
directionperpendicularto(010).Incontrast,withinthe(010)planeanin-
tersticialcymechanismmayoperateinadditiontothevacancymechanism.
ThismayexplainthedifferentdegreesoflocalizationoftheriseofDNaK at
potassium-richcompositionsandthedifferentsharpnessofthediffusionfronts
inthedirectionsperpendicularto(001)and(010).

Intheintermediatecompositionrangesubstitutionalinterdiffusiononreg-
ularsitesofthealkalisub-latticeisprobablythemaindiffusionmechanism.
Cationvacanciesareanindispensablepre-requisiteforsubstitutionalinter-
diffusiontooperate(Mehrer,2007).Apartfromthethermallyinducedpoint
defectsextrinsicdefectssuchasheterovalentsubstitutionsmayprovideaddi-
tionalvacancies(Mehrer,2007).Inthiscontextthedifferenceinthebarium
contentsbetweenthesanidinefromVolkesfeld(0.01Ba2+a.p.f.u.)andfrom
Rockeskyll(0.02Ba2+a.p.f.u.) maybeworthconsidering.TheBa2+may
becharge-balancedbycationvacanciesinthealkalisub-lattice,andsodium-
potassiuminterdiffusionmaybeexpectedtobeenhancedinthesanidinefrom
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RockeskyllascomparedtothesanidinefromVolkesfeld.Suchaneffectwas,
however,notobservedsystematicallyinourexperiments.

Itwasfoundbyearlierworkersthatdiffusioninthedirectionperpendicular
to(010)isslowerthanwithinthe(010)plane(Petrovíc,1972;Christoffersen
etal,1983).InthecompanionpaperbyPetrishchevaetal(submitted)thefull
diffusivitytensoranditscompositionaldependenceintherange0.85≤XOr≤
1.00wasdetermined..Theselatterauthorsfoundsimilardifferencesbetween
theratesofsodium-potassiuminterdiffusioninthedirectionsperpendicularto
(001)and(010)asChristoffersenetal(1983),andinadditiontheydocumented
adiffusionanisotropyalsowithinthe(010)planewiththefastesdiffusionin
the[101]directionandslowestdiffusioninthedirectionwithinthe(010)plane
andperpendiculartothe[101]direction.Ourexperimentalobservatsionare
perfectlyinlinewiththeseearlierstudies. Wegenerallyfindforbothstarting
materialsthatsodium-potassiuminterdiffusioninthedirectionperpendicular
to(010),i.e.paralleltothecrystallographicb-axis,isslowerbyafactorof
5to10thaninthedirectionperpendicularto(001),i.e.paralleltoc∗.The
diffusionanisotropytendstobecomesmallertowardshighertemperatures.
Thisdiffusionanisotropyreflectsthedifferenteaseofatomicjumpswithinthe
(010)planeandinthedirectionperpendicularto(010),whichcanbeargued
oncrystal-chemicalgrounds(Petrovíc,1972;Jonesetal,2004;Petrishcheva
etal.,submitted).Inadditionthediffusionanisotropymay,inpart,alsobe
duetothemechanicaleffectsofcompositionchangesassociatedwithsodium-
potassiuminterdiffusion.Duetothecompositionaldependenceofthelattice
parametersanycompositionheterogeneitythatexistsinasinglecrystalof
alkalifeldsparcausesadistortionofthelatticeandthuscoherencystress.This
coherencystressislocalizedwithinthediffusionfront,whichmayleadtoa
feedbackproducingself-sharpeningdiffusionfrontsandanoverallretardation
ofdiffusioninthedirectionperpendicularto(010)(Schaefferetal,submitted).
Inparticular,thisisthecasefortheverynarrowfrontsperpendicularto(010)
whereasnosucheffectisexpectedinthedirectionperpendicularto(001),
wherethediffusionfrontsarecomparativelybroad.

Infigure8ourdirectdeterminationsofDNaKandthoseofChristoffersenet
al.,(1983)arecomparedwithexperimentaldeterminationsofthesodium-and
potassiumtracer-diffusioncoefficientstakenfromtheliterature.Althoughthe
determinationsofthetracerdiffusioncoefficientsshowconsiderablescatter,
itisgenerallyobservedthatpotassiumtracerdiffusionisslowerthansodium
tracerdiffusion.OurdeterminationsofDNaK areshownasblue(perpendicu-
larto(010))andred(perpendicularto(001))linesforXOr=0.92(solid)and
XOr00.98(dashed).Thepairofblacklinesshowsthecorrespondinginterdif-
fusioncoefficientsgivenbyChristoffersenetal.,(1983).Theactivationenergies
thatwedeterminedforNa-Kinterdiffusionareintherangeoftheactivation
energiesdeterminedforsodium-andpotassiumtracerdiffusion.Intermsof
absolutevaluesthedeterminationsofDNaKbyChristoffersenetal.,(1983)are
ingoodagreementwithourfindings,thetemperaturedependenceofDNaK
asreconstructedfromthedataofthelatterauthorsishoweversubstantially
lowerthaninourexperiments.
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Fig.7 Comparisonofourexperimentalresultswithatheoreticalinterdiffusionmodelbased
ontheNernst-Planckequation,andwithliteraturedatabyChristoffersenetal(1983);the
theoreticalvalueswerecalculatedusingself-diffusioncoefficientsforNaandKdetermined
byFoland(1974)andKasper(1975).

5Conclusions

Sodium-potassiuminterdiffusionindisorderedalkalifeldsparwasquantified
bymeansofcationexchangeexperimentsbetweengemqualitysanidinefrom
theEifelandNaCl-KCl(orNaBr-KBr)saltmeltattemperaturesfrom800oC
to1000oCandclosetoambientpressure.Duetomechanicaleffectsassociated
withlargecompositionshiftsandthelimitedcompositionrangeofhomoge-
neousalkalifeldspars(XOr≥0.72)thesodium-potassiuminterdiffusioncoeffi-
cientcouldonlybedeterminedforXOr≥0.65.DNaKismarkedlycomposition
dependentatXOr≥0.95.Inthecompositionrange0.95≤XOr≤1.00DNaK
increasessubstantiallywithincreasingXOr.Thecompositionaldependenceof
DNaK is,however,minuteorentirelyabsentinthecompositionrange0.65
≤XOr≤0.95.

Apronounceddiffusionanisotropywasfoundatalltemperaturesfrom
800oCto1000oC;forallcompositionssodium-potassiuminterdiffusionisslower
inthedirectionperpendicularto(010)thaninthedirectionperpendicularto
(001).Also,theriseinDNaKtowardspotassiumend-membercompositionsis
morelocalizedfordiffusioninthedirectionperpendicularto(010)thanper-
pendicularto(001).WesuspectthatthesharpriseinDNaKtowardspotassium
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Fig.8 Arrheniusdiagram:1-D
⊥(001)
Na/K

(XOr =0.92)-thisstudy;2-D
⊥(010)
Na/K

(XOr =0.92)

-thisstudy;3-D
⊥(001)
Na/K

(XOr =0.98)-thisstudy;4-D
⊥(010)
Na/K

(XOr =0.98)-thisstudy;

5-D
⊥(001)
Na/K

-Christoffersenetal.(1983);6-D
⊥(010)
Na/K

-Christoffersenetal.(1983);7-

D∗Na (XOr =0.86)-Petrovic(1972)8-D
∗
Na - Maury(1986);9-D∗Na -Sippel(1963);

10-D∗Na (XOr =0.94)-Foland(1974);11-D
∗
Na (XOr =0.02)- Kasper(1975);12-

D∗Na (XOr =0.014)-Bailey(1971);13-D
∗
Na (XOr =0.00)-LinandYund(1972);14

-D∗K (XOr =0.86)-Petrovic(1972)15-D
∗
K (XOr =1.00)-LinandYund(1972);16

-D∗K (XOr =0.014)-Gilettietal.(1974);17-D
∗
K (XOr =0.02)-Kasper(1975);18-

D∗K (XOr =0.94)-Foland(1974);19-D
∗
K (XOr =0.02)-Giletti&Shanahan(1997).

end-membercompositionsisduetothecontributionofaNa+speciesoccupy-
inginterstitialsites,whichcancontributetotheformationofvacanciesonthe
alkalisublatticeandbythisenhancesubstitutionalinterdiffusionbytheva-
cancymechanism.Inaddition,interstitialNa+mayconstituteafastdiffusing
Na-speciesbyitself,wherethelattermechanismmayoperateonlywithinthe
(010)planeandisunlikelytooccurinthedirectionperpendicularto(010).In
additiontheinterplaybetweenlatticedistortionthatislocalizedatthesharp
diffusionfrontsinthedirectionperpendicularto(010)anddiffusionmaycause
afeedbackleadingtoaself-sharpeningdiffusionfronts.
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