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Inthisstudy,weutilizehigh-resolutionX-raycomputedtomography(XCT)totrackthe

progressofaleachingprocesswithinaporenetwork.Dissolutionandleachingare

difficultprocessestoobservewithcombinedtemporalandspatialcontext,particularly

whendissolvingmaterialwithinanon-reactiveporenetwork,andXCTisauniquely

suitedtechniqueforobservingdissolutioninsitu,andextractingquantitativedata

onporenetworksandthematerialinthemin3D. WeXCTimagetwosamplesof

porousdiamond(carbonado)duringasequentialacidleachingproceduredesigned

toremoveadiverseassemblageofpore-filling minerals.Thisexperimentprovides

auniqueperspectiveforobservingmineraldissolutionin4D,allowingustoidentify

differencesin mineralinclusionsandporenetworktopologybetweencarbonado

samplesbasedondissimilardissolutionstylesandrates.Wearealsoabletoobserve

theformationoffluoridesduringaciddigestion,whichcanpersistthroughoutacid

leachingproceduresanddrasticallyaffectyieldsforgeochemical measurementsof

certainelements,mostimportantlyREEs,U,Th,andPb.Wetestvariousapproaches

to measuringporosity,findingthat methodsbasedonquantitativeinterpretation

ofCTnumbersaspartialporositygive moreaccurateresultsthanpurelybinary

segmentation,andthatattemptstosegmenttheporenetworkusingvisualcriteria

arescatteredandunreliable.Wedocumenthowimagequalitycanbelocallyaffected

bymaterialproperties,withfilledporesmeasurablyblurrierthanemptyones.Such

localvariationinpoint-spreadfunctionisimportantwhensegmentingXCTdatafor

thepurposesofquantification.Finally,wedemonstratethatbycomparingmassand

X-rayattenuationlossitispossibletoestimatetherelativeheavy-metalcontentofthe

leachedmaterial.
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INTRODUCTION

Rockpreparation methodsfordeterminingbulkelemental
abundancesandisotopiccompositionsinvolveeitherfusionor
digestionandresultinthecompletedestructionofthesample.
Severalaciddigestionproceduresexist(PottsandCresser,1987)
andareoptimizedfordissolvingaspecificmineralogy(Pinto
etal.,2012).Mostinvolvesequentialdissolutionstepsinvarious
acidsathightemperaturesandusuallyuseahydrofluoric(HF)
acidsteptobreakdownmorerefractorymineralphases(e.g.,
garnet,spinel,zircon,rutile,etc.).However,ithaslongbeen
recognizedthatinsolubleCa, Mg,andAlfluoridecomplexes
precipitateduringthisstepandcanincorporatesignificant
amountsofrareearthelements(REEs),Rb,Sr,Y,Cs,Ba,Pb,Th,
andU(Yokoyamaetal.,1999;Krachleretal.,2002;Makishima
andNakamura,2006).Precipitationoftheseinsolublefluorides
canresultinreducedyieldsoftheseelements,whichcanaffect
interpretationofrockpetrogenesisand/orage(Boeretal.,
1993).Severalstudieshavequantifiedthecompositionofthese
precipitatesusingX-raydiffraction(XRD)andhavedeveloped
digestionmethodstoavoidtheirformationoratleasteffectively
dissolvetheminasubsequentleachingstep(Yokoyamaetal.,
1999;Krachleretal.,2002).
Becauseofthedestructivenatureofaciddigestion,itisdifficult

toobservethedissolutionprocessdirectly. Although most
proceduresareconductedonpowdersandcompletedissolution
isdesired,intermediatephasesliketheaforementionedfluorides
canprecipitateduringdigestion,orsomephasescanpersist
throughtheentireprocess.Incases wherethetargetfor
dissolutionismixedorembeddedwithinanon-reactivematrix,
spatialcontextcanbeimportant,asitprovidestheabilityto
studyinternalvariationinaciddigestionduetomineralogyor
porenetworktopology.Forinstance,itispossibleforrefractory
mineralstowithstandacompleteaciddigestionprocedure
andresultinincompleteyieldsofhighfield-strengthelements
(HFSEs)andREEs(Pintoetal.,2012).Similarly,theconnectivity
andpermeabilityofaporenetworkcanvarylocally,leadingto
variationinreactionfrontpenetration.Currently,thereisno
methodforinsitudeterminationoftheeffectivenessofacid
digestionmethods.
Inthisstudy, weprovidethefirsttime-integrated3D

imaging(i.e.,4D)ofaciddigestioninaporousmediumusing
high-resolutionX-raycomputedtomography(XCT).XCTis
auniquelyeffectivetoolforimagingaciddigestion,asother
imagingtechniquesaredestructiveand/orsimplynotfeasible
giventhenatureofthematerialandprocessbeingimaged.
The medium wearestudyingiscarbonado,aporous,

polycrystallinediamondwithanexceptionallydiversemineral
assemblagefillingandliningitspores.UsingXCT,weareableto
imagetheeffectsofreactivetransportofvariousacidsthrougha
porousmediumwithoutalteringthematrix,asdiamondisinert
totheacidsused.
Thisexperimentalsopresentsauniqueopportunityto

examinehowtobestquantifytheporenetworkandthematerials
withinitusingXCTdata. Weevaluatevariousstrategiesfor
measuringthefilledandunfilledpores,andtheeffectofpore
fillingsonimagesharpness.WealsoevaluatetheabilityofCTto

discerninformationaboutthecompositionofleachedmaterial
basedoninternalchangesinX-rayattenuation.Theresultsfrom
thisstudynotonlycontributetoabetterunderstandingofacid
digestionmethods,butalsoshedlightonpropertiesofXCTdata
thataffectquantitativeinterpretations.

MATERIALSANDCTDATA

Samples
Carbonado is an enigmatic variety of polycrystalline
diamondfoundonlyinplacerdepositsand Mesoproterozoic
metaconglomeratesinBahia,BrazilandtheCentralAfrican
Republic,withunknownprimaryorigin(TruebandButterman,
1969;TruebandDe Wys,1969,1971).Thesehighlyporous
darknodulespossessanarrowrangeofisotopicallylight
carbon(δ13C−31to−24 ),aninclusionsuitereflecting
crustalpressure-temperatureconditions(e.g.,kaoliniteand
florencite–aREE-richaluminophosphatecommonlyformed
fromthehydrothermalbreakdownofmonazite)andunusually
enrichedinREEsandactinidesfillingtheporespaces,a
looselyconstrainedcrystallizationagebetween2.6and3.8Ga
(OzimaandTatsumoto,1997;Sanoetal.,2002),andother
atypicalfeatures.Thisunusualassortmentofpropertieshas
ledtoavarietyofformationtheories,fromextra-solartodeep
mantle(Haggerty,2014).Theporenetworkinsomecarbonado
specimenshasbeenshowntobeinterconnectedbasedonthe
successfulremovalofallinclusion-hosted magnetismafter
intenseacidleaching(Dismukesetal.,1988).However,theorigin
oftheinclusionmaterial,whetherasaproductoftheinsitu
breakdownofprimaryphasesorasprecipitatesfrominfiltrating
crustalfluids,remainsunknown.
Wehavecollectednew3Dtextural,geochemical,andisotopic

datatoinvestigatetheageandoriginofseveralcarbonado
specimens(Eckley,2018).Toacquirebulkgeochemicaland
isotopicdataonthepore-filling material,wesubjectedone
African(C-16-C;0.715g)andoneBraziliansample(1–3;1.001g),
bothshowninFigure1,toamulti-stageaciddigestionprocedure.
WewillrefertosampleC-16-Cand1–3as“sampleA”and
“sampleB”,respectively,fortheremainderofthispaper.The
sampleswereXCTimagedpriortoleachingandaftereachacid
leachingsteptodocumenttheeffectsofthevariousacidsonthe
mineralinclusionsuitehostedwithintheporenetwork,andtrace
theprogressofthereaction.

XCTScanning
Allscanswereacquiredatthe UniversityofTexas High-
ResolutionX-rayCTFacilityusingaZeissXradiamicroXCT400.
X-raysweresetat80kVand10Wwith4s(sampleA;C-16-Cin
Eckley,2018)and2.5s(sampleB;1–3inEckley,2018)acquisition
timesperview(1261views)usingtheLFOVobjective;scantimes
were1.8and1.1h,respectively.X-rayswerepre-filteredwitha
0.35mmSiO2filterforsampleAandunfilteredforsampleB.
Thereconstructeddatahaveavoxelsizeof14.36and14.35µm,
respectively.Softwarecorrectionswereappliedtocompensate
forringandbeamhardeningartifacts.Thesamereconstruction
parameterswereusedforeachscan.
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FIGURE1|Stereomicroscopeimagesofcarbonadonodulesusedinthis

study(sampleA,left;andsampleB,right).

X-raycomputedtomographyproducesacontinuoussequence
oftwo-dimensional(2D)16-bitimages(slices),whichwhen
stackedtogethercreateathree-dimensional(3D)volume
reflectingX-rayattenuationwithinthesample.X-rayattenuation
isafunctionofamaterial’satomicnumberanddensity,aswellas
theX-rayenergy;denser,moreattenuatingmaterialisassigned
ahigherCTnumber,whichisusuallyvisualizedwithbrighter
grayscales(KetchamandCarlson,2001).Ideally,eachdatavoxel
(pixelwithvolume)hasavalueproportionaltotheaverage
X-raylinearattenuationcoefficientofthematerialcomprising
thatvoxel.Inreality,becauseofthefiniteresolutionofXCT,the
attenuationsignalisblurredsomewhat,andthusthesignalwithin
avoxelisalsoinfluencedbymaterialinsurroundingvoxels(i.e.,
itsneighborhood).Thesizeoftheneighborhoodcanbedescribed
byapoint-spreadfunction(PSF),theextentofwhichisaffected
byseveralinherentpropertiesofXCTimaging(ASTM,2011).
Thisphenomenonismostimportantwhenfeaturesofinterest
aresmallwithrespecttothePSF,astheblurringwillaffecttheir
detectabilityandappearance,andtheappropriatestrategyfor
measuringthem(KetchamandMote,2019).

AcidDigestionProcedures
Afterinitial XCTimaging,samples weresubjectedtothe
followingaciddigestionprocedure:

(Step1)Cleaning:(6NHClfor2h,4:1HF:HNO3for72h;
andaquaregiafor72hat110◦C)
(Step2)7daysof6NHClat110◦C
(Step3)7daysof4:1HF:HNO3at110

◦C
(Step4)7daysofaquaregiaat110◦C

Allstepswereperformedinsealed15mLSavillexTMbeakers
withscrewtopsinaventilatedovenusingoptima-grade12M
HCl,optima-gradeconcentratedHF,anddoubly-distilled15.6M
HNO3.Beforeeachstep,samplemassesweremeasuredusinga
microbalancewith1µgprecision.Leachatesweresavedandthe
sampleswereultrasonicallyrinsedinultrapurewaterfor30min.
Thewaterwascombinedwiththeleachateandsavedforanalysis.
Allleachateswereevaporatedtodrynessonahotplateat110◦C,
re-dissolvedin1mLof1NHNO3,andtransferredinacid-
cleaned1.5mLmicrocentrifugetubesforsubsequentdilution
andgeochemicalanalysis.Allsamplepreparationwasperformed
intheRadiogenicIsotopeCleanLabattheUniversityofTexas
atAustin.Aftereachstep,thesamplesweredriedforatleast

72honahotplateat140◦Candreweighed.Next,toobservethe
effectivenessofeachleachingstep,bothsampleswererescanned
usingthesameXCTparameters.

XCTDataProcessing
Thesampleswerescannedatrandomorientationsateachstage,
whichrequiredtheTIFFslicesforeachscantobereoriented,
registered,andresampledtoalignwiththeinitialXCTdata
sets.ThistaskwasperformedinAvizoTMusingtheRegister
ImagesandResampleTransformedImagemodules.Theformer
isanautomatedregistrationfunctionthatcomputesanaffine
transformationtomatchatransformedimagetoareference
imageusinganiterativeoptimizationalgorithmthatemploys
ahierarchicalapproachproceedingfromcoarsetofinequality.
Forcomputationalefficiency,thetwo3Dvolumesweremanually
pre-alignedascloselyaspossibleusingisosurfacespriortousing
thealignmentfunction.Thenewlyregistereddatasetwasthen
resampledtotheoriginalonesothattheysharethesame
coordinatesystem.
Toexcludeair-filledvoxelsexteriortothesamplefrom

theanalysis,amaskencompassingtheexteriorwascreatedin
AvizoTMandexpandedintothesamplebytwovoxels.Thiswas
performedontheinitialscansofbothsamples,andtherespective
maskswereappliedtoalldatavolumescollectedaftertheacid
leachingsteps.Theresultsofimageregistrationandmasking
areillustratedinFigure2.Next,imagesubtractioncalculations
wereperformedinImageJtoexaminewhatmaterialwasremoved
duringeachacidleachingstep.

RESULTS

Dissolution
ProgressiveXCTimagingtheeffectsofaciddigestionprovides
a4Dperspectiveofreactantinfiltrationanddiffusionand
dissolutionstyles.Figure2illustratestheeffectsofeachstep.
Thecleaningprocedure(Step1)removedpore-fillingmaterial
fromarelativelyuniform∼1 mmannulusinsampleA;in
sampleBtheannulusissomewhatmoreuneven,withshallower
penetrationinsomeregionssuchasthetop,whileontheleft
severalbrightinclusionsremainafterremovalofthesurrounding
material.Nevertheless,inbothscansthereisadistinctboundary
delineatingthedissolutionfrontandmostaffectedporesare
completelyempty.ForsampleA,theextendedHClstep(Step
2)penetrateddeeper,butwasnotaseffectiveasthecleaning
stepincompletelyremovingallpore-fillingmaterialfromthe
affectedvolume.Thereisabroad,6-mm-diametercentralregion
whereinclusionsremainbutshowmuchlowerX-rayattenuation
thanevidentinthesameregioninstep1.Asmaller∼2-mm-
diametercoreappearsunaffected.Intheintermediateregion,
thesmallerporesappearedlessdistinctandthewallsofthe
largerporesarelinedwithmaterial.ForsampleB,theHClstep
penetratedrelativelyuniformlybyanadditional∼0.5mm,and
evenremovedsomeofthepreviouslystrandedinclusions.The
dissolutionfrontiswelldefinedand,incontrasttosampleA,
thereisnoobviousregionofpartiallydemineralizedpores.The
HF:HNO3step(Step3)penetratedonlyslightlymoredeeply
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FIGURE2|ExampleXCTslicesfromsequentialacidleachingstepsofsamplesA(top)andB(bottom)aftervolumeregistration,resampling,andmasking.
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insampleA,andleft mostofthe∼2 mmcoreunaffected.
SimilartoStep2,smallerporesarecloudyandsomeofthe
pore-liningmaterialinlargerporeswasremoved.Interestingly,
randomlydistributed,highlyattenuatingphasesformedduring
thisstep,indicatingdissolution,transfer,andre-precipitationof
somehigh-Zmaterial.Figure3highlightssomeofthelargest
instancesofthesenewphases,aswellassmalleronesthatare
morerepresentativeoftheothersintheremainderofthevolume.
ForsampleB,theHF:HNO3stepwassimilarlyineffectivein
removingmaterial.Finally,theaquaregiastep(Step4)fully
penetratedsampleAandremovedallremainingpore-filling
material.ForsampleB,theaquaregiasteppenetratedslightly
deeperandleftan∼0.5mmannuluswithcloudysmallerpores.
Thecombinedaciddigestionprocedurepenetratedrelatively
uniformly,butleftalargevolumeunaffected.Furthermore,inthe
affectedrind,small,isolated,highlyattenuatingmaterialremains
inareasotherwiseclearedinsteps2–4,similartotheremnants
observedafterthecleaningstep(Step1).
Figure4showsaclose-upofthesameregioninsample

Abeforeandafterleaching.ThevariationofCTnumbers
intheporesoftheunleachedsamplereflect mixturesof
variousmineralsofvariouscompositions.Someporefillings(for
example,justaboveandtotheleftofthescalebar)havecentral
regionswithCTnumbersclosetothevaluefordiamond;these
arelikelytobekaolinite(KetchamandKoeberl,2013).Inthe
leachedimagetheporesarefullyempty;smallporesappear
lessdistinctfromthediamond matrixthanlargerones,but
thisisalmostcertainlyduetoblurring,notresidualmaterial.
Interestingly,thepore-matrixboundariesfortheemptypores
intheleachedsampleappearsharperandmoredistinctthanin
theunleachedspecimen,evenforthosefilledporesthathave
noobviousevidenceofbeing multi-mineralic.Thecauseof
thisapparentincreasedblurringintheunleachedsamplemay
beduetolocalvariationinthePSF(discussedlater)and/ora
heterogeneousdistributionofmineralinclusionsinthemicro-
porosityofthediamondmatrix.
Figure5showsthehistogramsforeachdatasetateachstage

oftheexperiment,calculatedusinga3Dmaskthatcaptured

onlythediamondandomittedtheoutsideairandcontainer.
Thediamondpeakisevidentasthemodeontheleftsideof
eachhistogram,andthevaluestotherightreflectthepore-filling
material.ThedifferentshapesoftheseregionsbetweensampleB
andAreflectthedifferentamountsoflow-Zandhigh-Zelements
andminerals,andtheextenttowhichtheyareintermixedin
thepores.Asthereactionprogresses,thebrightervaluesare
progressivelylost,withlargerporesmovingtotheleftsideof
thediamondmode.Theprecipitationofhigh-Z-concentrating
fluoridesresultedinrearrangingthehistogramvaluessomewhat
betweensampleAsteps2and3.

QUANTITATIVEANALYSIS

QuantifyingBlurringinCTData
Background
BlurringinXCTdataiscausedbythefiniteresolutionof
thetechniquestemmingfromvariousfactors,includingX-ray
focalspotsize,shape,andstability;detectorsize,crosstalk,
andlatency;gantryalignmentandprecision;imagenoise;and
reconstructionalgorithmandfilter(Ketchametal.,2010,ASTM,
2011;KetchamandMote,2019).Itcanbeusefullyquantified
asablurringkernel.Variousparameterizationsarepossible,
butwekeeptotheconventionintroducedbyKetchametal.
(2010)ofdefiningthePSFradius(rPSF)as4σforastandard
Gaussiankernel,whichcorrespondsvisuallytotheapproximate
numberofvoxelsrequiredtopassfullyfromonematerialto
another,orthenumberofvoxelsacrosswhichaflatinterface
willbeblurred.Ketchamand Hildebrandt(2014)presenta
methodformeasuringrPSFusingflatinterfaceswithinaCTdata
set,anddocumentminorbutsystematicvariationwithinscans
basedonposition,withareasclosertothecenterofrotation
beingslightlylessblurrythanedgeregionsduetogreaterdata
density.However,althoughthecitedfactorsunderlyingrPSFare
geometricinnaturewithnoobviousrelationtosamplematerial,
whetherthereisalinkbetweenrPSFandmaterialpropertieshas
notbeentested.

FIGURE3|XCTslicesthroughsamelocationinsamplesAbefore(left)andBafter(right)HFdigestionstephighlightingtheformationofhighlyattenuatingphases.
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Knowledgeof rPSF isnotdirectlyrequiredforother
calculationsdescribedbelow,butitdoesinformchoicesin
datasegmentationandinterpretation.First,andmostsimply,
itprovidesasimpleandquantitativemeansofevaluatingand
comparingdataqualityandresolution.Second,itdescribesthe
extentoftheregionoverwhichthesignalfromagivenobject
isdistributed,aidingthesegmentationmethoddescribedinthe
nextsection.Third,ithelpsdeterminewhenshapemetricsmay
beimpactedbyblurring(KetchamandMote,2019).

MeasuringthePoint-SpreadFunction
Wemeasuredthepore-diamondrPSFofmineral-filledandempty
poreswithinasingleXCTscan.AfterXCTimagingthecleaning
step(Step1),therewasa∼1mmrindofcompletelyemptypores
ineachsample,whileinteriorporesseemedvisuallyunaffected.
Weusedthe LineTraversetoolinBlob3D(Ketcham,2005;
KetchamandHildebrandt,2014),whichmeasuresthePSFfrom
theedgeresponsefunctionacrossaflatinterfaceseparatingtwo
materials,tomeasuretherPSFofemptyandfilledporeswithin
thesescans.Weonlymeasuredthemostvisuallyhomogeneous
mineral-filledpores,asmaterialheterogeneitycanleadtoexcess
apparentblurring.Atleast10traversesforbothfilledand
emptyporeswereaccumulatedandonlymeasurementswith
uncertaintiesaround1.0voxelandanglebetweenthetraverseand
interfacenormallessthan36◦wereaccepted.

Point-SpreadFunctionResults
Theappearanceofgreatersharpnessintheimagesofleached
regions(Figure4)isborneoutinourPSFanalysis(Figure6).
TherPSFvaluesmeasuredintheStep1scansforbothsamples
weresmallerforemptyporesthanforfilledpores.Theaverage
rPSFfortheemptyporesis2.61and2.11voxelsforsamples
AandB,respectively,whereasaveragesforthefilledporesare
almostdoubleat4.80and4.03voxels,respectively.Figure6
showsrPSFplottedagainsttheabsolutevalueofthepercent
differencebetweenthenormalizedCTnumbers(| CTnorm|%)
foradjacentphasesineachtraverse. Whilethedataforsample
AsuggestacontinuouslyrisingrPSFwithrespectto| CTnorm|,
thesampleBanalyses,whichextendtomuchhigher|CTnorm|
valuesreflectingmoreattenuatinginclusions,suggestaplateau.

MeasuringPorosity
Background
Porosityisnotastraightforwardquantityto measurein
XCTdata.Inporous media,poreandthroatsizescanvary
overordersof magnitude,andalmostalwaysrangedown
tonearandbelowtheXCTresolutionlimit.Severalreviews
discussthechallengesofquantifyingXCT-imagedporosity,
andillustratetheimportanceofcarefulanalysis(Ashbridge
etal.,2003;Taudetal.,2005;Iassonovetal.,2009;Brun
etal.,2010;WildenschildandSheppard,2013).Despitethese
limitations,multiplestudiesdocumenttheuniquecapabilities
of XCTforvisualizingandquantifying porosityin3D
(WellingtonandVinegar,1987;Mooney,2002;Taudetal.,2005;
WildenschildandSheppard,2013).
Therearetwogeneralapproachestoquantifyingporosity

usingXCT:directorbinarysegmentation,whichdelineates

FIGURE4|(A)XCTsliceofsampleAbeforeacidleachingwith(B)zoomedin

areaand(C,D)segmentationattempts(outlinedinsemi-transparentpink).

(E)Samezoomedinareaafteracidleachingprocedurewith(F–H)

segmentationattempts(filledinsemi-transparentred).

whichvoxelsareporosityandwhicharenot(Iassonovetal.,
2009);andutilizationofCTnumberinformationtodiscern
partialporositybelowtheresolutionlimit(Wellingtonand
Vinegar,1987;Withjack,1988).Binarysegmentationismore
conducivetoporenetworkvisualizationandmodeling,andwhen
individualporesarevisuallyevidentinthedata,itisusuallythe
approachchosen,implicitlyassumingthatthebelow-resolution
componentofporositycanbeneglected.Typicallyinsuchcases
thesegmentationisdoneusingaglobalthresholdCTnumber,
withvoxelsbelowthethresholdclassifiedasporosity;ideallythis
thresholdshouldbeatthemidpointbetweentheend-member
CTnumbersforporesandthesolidmatrix(ASTM,2011),under
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FIGURE5|HistogramsofvoxelCTnumbervaluesforbothsamplesaftereachacidleachingstep.

theassumptionthatnetattenuationisconserved. However,
astrictmidpointwillusuallyunderestimateporosity,dueto
resolutioneffects.Asporesapproachtheresolutionlimit,they
begintoblur,appearingtogrowfainterintheXCTdata;
thiseffectcanbecharacterizedasaconvolutionofthetrue
specimenstructurewiththePSF(Ketchamand Mote,2019).
Asegmentationthatomitsthesesmallanddimbutstillvisually
evidentporesisunsatisfying,andananalystmaybetemptedto

adjustthethresholdtocapturethem.Somemoresophisticated
segmentation methodsattempttodoa morecarefuljobof
distinguishingborderlinevoxelsbasedonneighborhoodcriteria
(OhandLindquist,1999)orotherlocalpropertiessuchas
gradient,correlation,orentropy,butthesearebasedongeneral
statisticalormathematicalmodelsthatdonotnecessarilyreflect
theactualphysicalsituation.Iassonovetal.(2009)reviewand
comparearangeofthesesegmentationmethods,andfindthat
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FIGURE6|RelationshipbetweenPSFsize(rPSF,voxels)versusattenuation

difference(| CTnorm|%)forindividualtraversesofemptyandfilledporesin

bothsamples.

significantsupervisionandadaptationbyaskilledoperatoris
necessarytoachievegoodresults.
Thealternativequantificationapproachtypicallyconsistsof

calculatingpartialporosityonavoxel-by-voxelbasisbyassuming
CTnumbersarealinearmixturebetweensolidandvoid,or
whateverthepore-fillingphaseis(e.g.,Withjack,1988;Ketcham
andIturrino,2005).Thislinearaveragemethodcapturessub-
voxelporosity morecompletely,butisdegradedbyimage
noiseorbyhaving multiplesolidphases.Italsodoesnot
provideastraightforwardstartingpointtodetermineapore-size
distributionorconductpore-networkmodeling.
Anintermediatepossibilityistocombinesegmentationwith

utilizationoflocalCTnumberinformation.InthePVB(Partial
VolumeandBlurring)method(Ketchamand Mote,2019),a
broadsegmentationisusedtocapturetheentireCTnumber
anomalyassociatedwithafeature,includinganyattenuation
dispersedamongadjacentvoxelsbypartialvolumeandblurring
effects.Thevolumeandshapeofthefeaturearethendetermined
basedonalinearinterpretationoftheCTnumberswithineach
segmentedregion.Thisapproachhasbeensuccessfullyusedto
measurefractureaperturesatsub-voxelresolution(Johnsetal.,
1993),andhasmorerecentlybeenadaptedtomeasuringdiscrete
smallfeaturessuchasgoldparticles(KetchamandMote,2019).
Astheporosityincarbonadoconsistsofvirtuallyisolatedpores
connectedonlybyverynarrowsinuouspassagesalonggrain
boundariesinthepolycrystallinediamondmatrix,weattempted
toapplythePVBmethodforthefirsttimetoquantifyporosity.

ApplicationtoCarbonado
Wedemonstratetheabovemethodsandtheiroutcomesonthe
scansforsampleA,withbothfilledandempty(leached)porosity.
Generally,porosityismeasuredonair-orfluid-filledvoids,but
occasionallysamplesmayhavepartiallyorcompletelyfilledor
mineralizedporespace.Byimagingaporousdiamondbeforeand
afterremovalofpore-fillingmaterialwithnomatrixdeformation,
weareabletoquantifyhowestimatesvarydependingonthe
natureofthepore-fillingmaterial(i.e.,mineralinclusionsorair).
Whilemeasuringamineral-filledporeseemscounterintuitivefor
estimatingporosity,thesituationisanalogoustostudiesthat

infiltrateasamplewithahighlyattenuatingfluid(e.g.,KI,NaI,
Wood’smetal)tocharacterizeporosity(WellingtonandVinegar,
1987;Withjack,1988;Ramandietal.,2016),oracasewherean
analystneedstoestimatepre-mineralizationporestructure.
Carbonadoporosityishighlyvariableasillustratedin

Figure3;poresizesrangefromhundredsofµmtowell
belowtheXCTresolutionlimit,andthepore-fillingmaterial
isapolymineralicassemblagethatvariesbetweenandwithin
individualpores(KetchamandKoeberl,2013). Oneofthe
dominantminerals,florencite,cancontainseveralweightpercent
ofrareearthandotherelementswithhighatomicnumbers(Z).
Suchhigh-Zphasesarefarmoreattenuatingthanothercommon
pore-fillingmineralssuchaskaolinite.Becauseofthediversity
ofpore-fillingphases,nosingleCTnumbervaluecanaccurately
representthe mineral-filledporespacefortheinitialscan.
Nevertheless,weattemptedtomeasuretheeffectiveporosity
inthenon-leachedscan(Figure3B)usingathreshold(5916)
thatsegmentedthemajorityofXCT-resolvablefilledpores.This
threshold(Figure3C)wasarbitrarilydeterminedusingvisual
andgeologicalcriteria,recognizingthatsomepore-fillingphases
areonlyslightlymoreattenuatingthandiamond.Thisthreshold
omittedsomelocallybrightregionsrepresentingdiamondmatrix
witharelativelyhigherconcentrationofbelow-resolutionfilled
pores,whilealsoapparentlyover-segmentinglargerporesfilled
withmoreattenuatingmaterial.Inanattempttocompensatefor
thelattereffect,weadjustedtheinitialsegmentationbyerodingit
byonevoxelin3D(Figure3D).
Segmenting porespaceinthe finalscan was more

straightforward,asthereareonlytwophases,diamondand
air(Figure3E).EndmemberCTnumbervaluesfordiamond
(3479±20)andair(1670±35)weredeterminedbymeasuring
theaverageCTnumbervalueofseveralregionsacrossmultiple
slices.Forair,regionswithinlarger,interiorporeswereused.For
diamond,visually“flat”regionswithnoidentifiableporeswere
used,althoughitislikelythateventheseregionshadasmall
componentofmicro-porosity.
Weexperimentedwithsegmentingtheporespaceinthe

finalscanusingvariousglobalthresholdsdeterminedboth
visuallyandmathematically.Ourfirstattempt(Figure3F)used
therecommendedmidpointCTnumbervalue(2575)between
thetwocalculatedend-membercomponents. Asexpected,
thisvaluevisuallyfailedtoincludesmallerpores,andsowe
simulatedatypicaluserresponsebyincreasingthresholdto
3000(Figure3G).This,however,ledtoover-segmentedlarge
pores,soathirdattemptsoughttocompensatebyerodingthe
selectionbyonevoxel(Figure3H). Whiletheerosionstep
eliminatedsomeverysmallpores,thesewereassumedtobe
volumetricallyinsignificant.
WealsousedthePVBmethodasimplementedinBlob3D

analysissoftware(Ketcham,2005;Ketchamand Mote,2019).
Inthisworkflow,porespaceisslightlyover-segmented(inthis
case,thresholdat3000(Figure4G),andexpandingbyonemore
voxelduringthefinaldataextractionstep)toencompassthe
entireattenuationanomalyofeveryindividualpore;i.e.,outto
anannularringapproximatelyrPSFbeyondthecentral,unblurred
regionofthepore.Ratherthansimplycountingallvoxelsselected
asporespace,apartialporosityiscalculatedforeachselected
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voxelusingalinearinterpolationbetweentheendmemberCT
valuesfordiamondandair.Volumesofindividualporesarethen
determinedasthesumofpartialporositieswithin3D-connected
setsofvoxels(blobs).
Finally,insteadofdirectlysegmentingXCT-resolvablepores,

weusedthelinearaverageapproachwithendmemberairand
diamondvaluestocalculateporosityglobally.Thiscalculation
canbeperformedefficientlybysimplyusingthesample-wide
averageCTnumber,excludingtheexterior maskedregion.
Intuitively,thismethodismostusefulwhenquantifyingthe
volumepercentageofaphaseofinterestinabinarysystem(i.e.,
airandmatrix).
Webenchmarkedtheseestimatesusingasimplebulkdensity

method.Asthefullyleacheddiamondisanearlypuremixture
ofdiamondandair,wecandetermineporosityaccuratelybased
onitsdensitydeficitrelativetosoliddiamond(3.51g/cm3).To
calculatethedensityofsampleAafterthecompletedigestion
procedure,we measureditsvolumeusingAvizoTM andits
massusingamicrobalancewith10µgprecision.Thediamond
framevolumewassegmentedbyusingamidpointCTnumber
thresholdbetweenproximalexteriorairanddiamondnear
thesampleboundary.Tomeasuretheentiresample’senvelope
volume(diamondframe+porespace),weusedthe“fillvolume”
functioninAvizoTM.Pores3D-connectedtotheexteriorhadto
bemanuallysegmentedandaddedtothesamplevolume;this
increasedtheenvelopevolumeby<0.1%.

PorosityResults
Estimatesforporositybetweenandwithintheinitialandfinal
XCTscansforsampleAvariedgreatly(Table1).Basedon
massandvolume measurements,thedensityoftheleached
specimenwas2.98g/cm3;assumingadiamonddensityof
3.51g/cm3,thisresultsinaporosityof15.9%,whichwetake
asthebenchmarkagainstwhichtheothermethodsareevaluated
(Table1,bottomrow).
Our“visuallyreasonable”thresholdvaluefortheinitialscan

withfilledporesyieldedaporosityof45%;erodingthatsame
thresholdbyonevoxelreduceditto29%.Becauseofthe
widerangeofCTnumbervaluesthatcomprisethepore-filling
material,thereisnoappropriateglobalthresholdforsegmenting
alloftheXCT-resolvableporespaceintheinitialscan.Moreover,
verysmallporesnearrPSFaremoreaffectedbyblurring,and
somediamondregionsmaybemadeslightlybrighterdueto
dispersedfilledmicroporosity.Thus,asillustratedinFigure3,
intheattempttocapturesmallporesandlow-Zporefillings,the
largerporesweregrosslyover-segmented,andeventheattempt
toscalebacktheoverselectionbyerosiondidnotpreventa
substantialoverestimateofporosity.
ThefinalscanforsampleAisessentiallypureairand

diamond,allowingfor moreaccuratequantification. The
standardthresholdingusingthemidpointCTnumberbetween
thetwoendmembersyieldedaporosityof13.7%,aslight
underestimateofthebenchmarkvaluereflectingmissedsmall
pores.Thresholdingbasedonavisually“reasonable”adjustment
tocapturetheseyieldedanover-estimateof22.6%,andthe
subsequent1-voxelerosionstepovercompensated,reducingthe
valueto9.3%.Finally,thePVBmethodimprovedonthestandard

TABLE1|XCT-basedandphysicalporositymeasurementsforsampleC-16-C.

Method Porosity

(%)

Bulk

volume

(mm3)

Pore

volume

(mm3)

InitialScan(filledpores)

Visualthreshold(CTThreshold[CT]=5916) 45.0 201.2 90.5

Visualthreshold(CT=5916;erode1voxel) 28.9 201.2 58.2

FinalScan(emptypores)

Midpointthreshold(CT=2575) 13.7 201.2 27.6

Visualthreshold(CT=3000) 22.6 201.2 45.5

Visualthreshold(CT=3000;erode1voxel) 9.3 201.2 18.7

Partial-volumeandblurringmethod(PVB) 14.2 201.2 28.5

Linearaverage 16.8 – –

Density 15.9 – –

segmentationvaluesomewhat,probablyduetocapturingsomeof
thesmallerporesinanappropriateway,yieldingavalueof14.2%.
ThelinearaveragemethodusingonlymeanCTnumbersyielded
avalueof16.8%,slightlyabovethedensity-derivedbenchmark.

LinkingCTandGeochemicalData
MassandAttenuationLoss
Masslosswastrackedbyweighingthespecimenaftereach
leachinganddryingstep. Wealsoperformedgeochemistryon
theleachingacids(Eckley,2018),totrackthecompositionoflost
material.Leachateswereanalyzedforabroadsuiteofelements,
includingallREE’s,Rb,Sr,Y,Zr,Nb,Cs,Ba,Hf,Ta,Pb,Th,
U. Wereferthissuiteofelementsas“high-Z”,todistinguish
themfromotherlessdense,lower-attenuationelementsextracted
duringleaching.Duringthecleaningstepsomeinsolubleresidues
formedinthedried HFacid,preventingafullaccounting
oftheextractedhigh-Zelementsinthatstep,butbasedon
analysisofotheranotherleachedcarbonadoweestimatethe
missingmaterialasroughly23%oftheamountmeasuredin
theotheracids.
Attenuationlosswascalculatedbysimply measuringthe

netdropinmeanCTnumberinthemaskedregionsofeach
scan.Becausethetwospecimenswerescannedwithslightly
differentreconstructionparameters,wenormalizedthetwo
measurementseriesbytheirrespectivedifferencesbetweenend-
memberdiamondandairCTnumbers.

MassVersusAttenuationLossResults
Figure7shows meanattenuationloss,normalizedforthe
meanCTnumberdifferencebetweendiamondandairforeach
sample,plottedversustotalmasslossandlostmassofhigh-
Zelementsforeachsample.Asexpected,higheramountsof
removed massaregenerallyreflectedinhighernetlossof
attenuation,demonstratingthatCTcandirectlyquantifymaterial
loss.However,thecorrelationispoorerwithtotallossthan
withthelossofhigh-Zelements.ForsampleA,thetwolowest-
attenuation-losspoints(correspondingtoleachingsteps4and
3)areinvertedwithrespecttototalmassloss,butpositively
correlatedasexpectedwithrespecttohigh-Zmassloss.The
overalltrendsforbothsamplesarealso much moresimilar
whenonlyhigh-Zelementsareconsidered.Notethattheopen
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FIGURE7|High-Zelementsremoved(A)andtotalmassremoved(B)during

acidleachingstepsvs.averagenormalizedattenuationlossforbothsamples.

high-Z-losspointsinFigure7Areflectthatfactthatsome
leached materialremainsunanalyzed,andthusthesepoints
under-reportthetruemassremoval;movingthembothslightly
upwardtoaccountforthe missing materialwouldincrease
consistencywithinsampleAandbetweensamples.Insum,
thesefeaturesindicatethatthehigh-Zcomponentdominatesthe
attenuationremovalsignal.

DISCUSSION

DissolutionStyles
Time-resolvedXCTimagingprovidesauniqueperspectivefor
imagingaciddigestionincarbonadoin4D.InsampleA,thereare
nopreferentialfluidpathwaysthatfacilitatedenhancedmineral
dissolution,andacidtransportisdominatedbybulkvolume
diffusionthroughtheporenetworkandalonggrainboundaries.
TheextendedHClandHF:HNO3steps(Steps2and3)resulted
inapairofreactionfronts,anouteronefortotaldissolution,
andaninneroneforpartialremovalofpredominantlyhigh-Z
material.High-Zphaseswerepreferentiallyleachedandremoved
duringStep2comparedtoStep3,inwhichtheyweremostly
justredistributed.Thisvariationinbehaviorislikelyduetoa
polymineralicassemblagedominatedbydisseminatedsilicate,
phosphate,andoxideminerals(KetchamandKoeberl,2013).The
partiallyclearedporesafterSteps2and3werecausedbydifferent
solubilitiesandreactivitiesofthediverseinclusionmaterialsin
therespectiveacids.Finally,thecompleteevacuationofthepores
indicatesthattheentiresampleAporenetworkisinterconnected.
InsampleBthedissolutionfrontislesseven,andsomenear-

boundaryinclusionswereunaffected,likelyreflectingadifferent

porestructure,withtighterpathwaystosomeportionsofthe
sampleandloweroverallpermeability,leadingtolocallyand
globallylowerdissolutionrates.Preferentialdissolutionofhigh-
ZphasesandpartiallyclearedporesinSteps2and3asobserved
insampleAarenotpresent,likelyreflectingdifferencesin
bothinternalmineralogyandporenetworktopology.Although
sampleBdidnotfullyleach,thesteadyprogressofthereaction
frontindicatesthatthegreatmajorityofitsporenetworkis
probablyalsoconnected.Isolatedinclusionsbypassedbythe
reactionfrontacrossmultipleleaches,however,mayindicateone
ormoreinsolublephases,orpossiblysmallcavitiesnotconnected
totheporenetworkandthuspotentiallycontainingprimary
materialformedwiththediamond.

FluoridePrecipitation
Weobservedtheformationofhighlyattenuatingphasesafterthe
HF:HNO3digestioninsampleA(Figure3).Our4Dtechnique
allowedustoobservehowacidsmigrateandinteractwiththe
pore-fillingmaterialdifferently.Therearethreemainprocesses
duringaciddigestion:(1)infiltrationofacidthroughoutthe
sample,(2)dissolutionofmaterial,and(3)diffusionofdissolved
materialthroughoutthesolvent. However,duringdigestion
whereexcess HFispresent,itisknownthatCa, Mg,and
Alfluoridecomplexesprecipitateoutofsolutionandcan
remaininsolubleinthe HF-bearingsolution.Thesenewly
formedcompoundscanincorporatesignificantamountsofhigh-
Zelements(REEs,U,Th,andPb),whichweknowcomprise
severalwt.%ofthebulkinclusionmaterial.Thus,itislikelythat
thesenewlyformedhighlyattenuatingphasesarefluorideswith
significantconcentrationsofhigh-Zelements. Weareawareof
nopriorstudywheretheformationofthesecompoundshas
beenimagedinsitu.Fortunatelyforoursubsequentgeochemical
analyses,wewerealsoabletoobservethatfollowingHFdigestion
withanaquaregiadigestionwaseffectiveatremovingthese
materials,asinsolublefluoridescanoftenpersistthroughoutan
entireaciddigestionprocedure.

VariationofPorosityCalculations
Thenatureofpore-filling materialhasastrongcontrolon
thequalityofsegmentationforcalculatingporosityusingXCT.
Significantlydifferentvalues(upto36%)werecalculatedbetween
theinitialandfinalscans.Thehighvaluesfortheinitialscanwere
aresultofseveralissues:aheterogeneouspore-fillingmaterial,a
largerangeofporesizes,andgreaterblurringofporeboundaries.
Notably,bothofourarbitrarybut“reasonable”porosityestimates
forthefilledscanwerehighlyinaccuratebyafactorof2–3×.
Thebinarynature(diamondandair)ofthefinalscanallowed

formoreaccuratesegmentationandestimatesforporositycloser
tothedensity-derivedbenchmarkvalue.Thestandardtechnique
tothresholdatthemidpointvalueyieldedresultscomparableto
thebenchmark,andtheestimatewasfurtherimprovedbythe
PVBmethod,whichenabledappropriatequantificationofsome
ofthesmallerpores.Ontheotherhand,thevisuallyassessed
thresholdresultedinavalue∼40%toohigh,andtryingto
compensatebyerodingtheresultbyonevoxelovercorrected
toavalue∼40%toolow. Again,the“visualassessment”
approachresultedinlargelyarbitraryvaluespoorlylinkedto
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theactualporosity,demonstratingthatporosityestimationis
muchsounderwhenbasedonphysicalprinciplesthaneven
informedguesswork.
Althoughdemonstratedhereonasimpletwo-phasesystem,

thePVBmethodcanbeappliedtomorecomplexsystemswith
littledifficultyduetothesimplicityofitsunderlyingmodel.
Theinputparameteritabsolutelyrequiresisanendmember
CTnumberforthephaseofinterest,inthiscaseair.Italso
requirestheCTnumberofthesurroundingmaterial,whichcan
alsobeenteredbytheuser,orforcomplexmaterialsitcanbe
estimatedadequatelybyaveragingtheCTnumbersintheregion
immediatelysurroundingeachsegmentedblob.

PSFVariation
ContrarytotheassumptionthatthePSFcanbeconsidered
generallyuniformacrossascanvolume,wefoundittobe
higherforfilledversusunfilledpores(Figures4Bvs.4E,6).
Thisisaninterestingandunexpectedobservationandsuggests
thatthePSFmaybemorecomplicatedthanpreviouslythought,
andaffectedbyfactors(discussedbelow)beyondscanningand
reconstructionparameters.
Somecomponentofexcessblurringmaybeduetothepore

fillingsbeinginhomogeneous,butwewerecarefultoonlychoose
measurementlocationswheretherewasnoobviousevidence
ofinhomogeneity,whichwouldbeapparentasanirregular
transition.The mostlikelyexplanationliesintheunusually
highamountofhigh-Z materialintheporefillings. One
possibilityisthattheexcessblurringissimilarinoriginto“metal
artifacts”causedbyphotonstarvationandedgegradienteffects,
althoughsuchartifactsusuallyappeardirectionallyvariable,
whichwedonotobservehere.Another,perhapsrelated,is
thattheremaybeadditionalblurringcausedbycoherent,or
elasticscattering,inwhichthephotonchangesdirectionwithout
losingenergy.Coherentscatteringisasecond-orderattenuation
processcomparedtoComptonscatteringandthephotoelectric
effect,butitdominatesoverComptonscatteringatlowX-ray
energies(∼30–100keV)inhigh-Zmaterials,andcanconstitute
severalpercentoftotalattenuation.Coherentscatteringismore
likelytooccuratlowangles,meaningthatsomephotonswith
undiminishedenergyandonlyslightdisplacementarelikelyto
reachthedetector,theexpectedresultofwhichwouldbeblurring
aroundhigh-scatteringfeatures.
LocallyorcontextuallyvariablerPSFwithinasinglescan

canaffectsegmentationandquantitativemeasurementsderived
fromXCT,includingvolume,surfacearea,andaxislengths.
Thisconcernisnotonlyapplicabletoporousmedia,buttoany
XCT-basedmeasurement.

TrackingAttenuationLoss
Althoughitisgenerallynotpracticaltoextractdetailed
compositionalinformationfrompolychromaticXCTdata,our
experimentsdemonstratesomeinterestingnewpossibilities.
Inparticular,wecandistinguishthatthehigh-Zcomponent
constitutesamajorproportionofourleachedattenuationsignal,
andbycomparingattenuationwithmasslosswemaybeableto
derivequantitativeinformation.InFigure7,thefittedlinesfor
sampleBhavea∼3.3×greaterchangeinslopefromthetotal

masslosstothehigh-Zlosscasecomparedtothechangefor
sampleA,implyingthatsampleBhasalowerhigh-Zcontent
(azerohigh-Zcontentwouldshowthemaximumchange).This
relationiscorroboratedinourgeochemicaldata,whichshows
sampleAtohavea∼8×greaterhigh-ZcontentthansampleB.
Ofcourse,thisrelationisonlyapproximate,andamorerigorous
calculationwouldrequireaccountingforthedifferentattenuation
coefficientsofeachspeciesastheyvaryovertheX-rayspectrum
usedforscanning.However,itisclearthatthegeneralapproach
ofcomparingmasschangetoattenuationchangeinthismanner
hasexcellentpotentialforquickandspatiallysensitiveevaluation
ofleachedheavy-metalcontent.

CONCLUSION

Wepresentthefirst4Dimagingofaciddigestionofpore-
fillingmineralsinaninertporousmedium.Thistechniquenot
onlyallowsustofurtherunderstandthephysicalnatureof
aciddigestion,butalsoshedslightoninherentpropertiesof
XCTscanning. Wefindthat,atleastincarbonado,reactant
infiltrationisdominatedbybulkvolumediffusionthroughthe
porenetworkandalonggrainboundariesandisnotfocused
alongpreferentialreactionpathways,thoughitcanbeimpeded
bylocallylowpermeability.Forthefirsttime,weimagefluoride
formationandsubsequentdestructioninsitu. Wedemonstrate
anapproachforusingCTtoinferwhenandwherepreferential
heavymetalleachingoccurs.Finally,whiletheobservationson
dissolutionstyleandporenetworktopologyrelatetocarbonado,
ourexperimentsalsoprovidegeneralinsightsintothebasics
ofXCTandtheprocessingandinterpretationofXCTdata.
WeshowthatestimatingporositywithXCTusingseemingly
reasonablebutarbitrarycriteriacanbeproblematic,andthat
morereliableresultsareobtainedbyadheringtoa more
structuredapproachaccountingformaterialend-membersand
blurring. Wealsodocumentthatthelocaldegreeofblurring
withinascancanvaryasafunctionofthematerialproperties.
Thisisimportanttoconsidernotonlywhenmeasuringporosity,
butinanystudywhere3Dquantitativedataareextracted
fromdiscretephasesthathavebeensegmentedusinggeneral
thresholdingtechniques.
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