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ABSTRACT

Simulated Savannah River Site (SRS) waste glass forms have been buried in the granite
geology of the Sdrpa mine in Sweden for two years. Analyses of glass surfaces provided a
measure of _¢ performance of the waste glasses as a function of time. Sitar SRS waste
glass compositions have also been buried in salt at the WIPP facility irt Carlsbad, New
Mexico for a similar time period. Analyses of the SRS waste glasses buried in-situ in
granite will be presented and compared to the performance of these same compositions
buried in salt at WIPP.
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ANALYSES OF _;RSWASTE GLASS BURIED IN GRANITE IN SWEDEN
AND SALT IN THE UNITE_

J. P. Williams,Tuskegee Institute,Tuskegee, AL; G. G. Wicks, WestinghouseSavannah
River Company, Aiken, SC; D. E. Clark, Univ.of Florida, Gainesville,FL; and A. R.
Lodding, Chalmers Univ., Gothenburg, Sweden

INTRODUCTION

Long-term,safedisposalof high-levelnuclearwaste (HLW) isa significantproblemfacing
manynationstoday. One methodof disposalofHLW isimmobilizationin a high-integrity
waste formandemplacementin a suitablegeologicrepository[1]. Today, glass is the
materialof choicefor immobilizinghazardousradionuclidesinnuclearHLW dueto its
excellentperformancefeaturesand processingcharaderis=ics[2]. The fabricationof
nuclearwasteglassisa relativelystraight-forwardprocessthathas been demonstrated
wodd-wide[3]. Nuclearwasteglasshas alsobeenshownto be stableandperform well
undermany differenttypesof anticipatedas wellas accidentconditions[2-4]. However,
mostof these testshavebeen conductedin controlledlaboratoryenvironments, lt isthe
purposeof the presentstudyto summarizewasteglassperformanceunder more realistic
repositoryconditions[5] andmore specifically,to assessand compare the behaviorof
SRS simulatedwasteglassburiedingraniteinSweden and insalt inthe UnitedStates.
The objectives of thiseffortare as follows:

(1) characterize,assessandsummarize,the performanceofSRL 131/TDS, SRL
131/35% TDS, and SRL 165/TDS wasteglasses after beingburiedfor one and two years,
at90°C ingraniteat Stripaand
(2) compare theperformanceof SRS waste glass165/TDS in g=-aniteat Stripawith _s

performancein saltatWIPP.

SUMMARY

• The chemicaldurabilityof SRL wasteglass compositionsburied for up.to two years in
graniteatStripawas excellentandalsoimprovedwithincreasingtime.
• Theseglasseswerecharacterizedbythe formationof twomainsurface layers. The
outermostlayer,ez,consistedof depositedmaterialdueprimarilyto the surrounding
environment,whilethe layer underneath,1_,was the glassinteractionzone.
• Quantitative analyses of the glass interaction zone showed that less 1than1 pm of the
glass had interacted with the environment, after being tested under accelerated
conditions of 90°C for two years.
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• The gllassexhibiting[ne bestchemicaldurabilitywasSRL 165/29.8% TDS, the
referencecomposition.Nextbestwas the highwaste loadingglassSRL 131/35% TDS
followedby the lowerwaste loadingglassSRL 131/29.8% TDS.
• Cornl_arisonof the performanceof SRL 165fFDS wasteglassafterbeing10udedat 90°C
ingraniteand saltfor up to twoyears,showsthatthe glassperformedwell in both
environmentsand ina verysimilarmanner.

BACKGROUND

STRIPA: A cooperativeprojectinvolvingthe SwedishNuclear FuelsSafety Divisionof
the Nuclear Fue._SupplyCo., the Universityof Florida(UF), andtheSavannah River
Laboratory(SRL) was initiatedin 1982 [6,7]. Experimentswereconductedon Swedish
andSRL simulatednuclearwaste glassesburiedin graniteinthe Stripaminein Sweden.
Inthis pioneeringeffort,three SRL nuclearglasscompositions,165/29.8% TDS,
131/35% TDS, and 131129.8%TDS, were used. (Table 1). The glasssampleswere
fabricatedintotwo configurations,"pineappleslices"and "mini-cans"andwere tested at
90°C andambientconditionsafter1,3, 6, 12 and 24 monthsof burialingranite.

Table 1. SRL WasteGlassCornoositionsBuriedinStdoa_Sweden

Camoonent 1,.11,,_A•X, TI_ 115/2tJ1% T_ 131/'J.,_ 1'011

GMamFrit

S_O 2 40.8 47.7 37.6

Ns20 1:2.4 9.1 11.5

B203 10.3 7.0 9.6

I"i02 0.7 -- 0.7

LI20 4.0 4.g 3.7

MgO 1.4 0.7 1.3

ZrO2 0,4 0.7 0.3

L_O:_ 0;4 -- 0.3

Simulated W_

Fe20:l 13.4 13.4 15.8

MnO2 3.9 3.9 4.5

Zeo_ Zg 2-g 3,4

AI203 2.7 2-7 3.2

NK:) 1.6 1.6 1.9

SN_2 1-2. 1.2 1.4

cao I.O 1.o 1.2

I_0 0.g 0.9 1.0
Coal 0.7 0.7 0,8

MI,_O 4 0.2 0.2 0.2

C_=CO_, O.I Q.I 0.2

SrCO=" 0.1 0.1 0.2

u_o=- .tj. .1..J. .L3

Tmal'. 100.0 9G.9 I00, I

• TDS wasm was doped _h CI, Sr. and U

WIPP: The largest internationalfieldtestingprogram,involvingburialof simulatednuclear
wasteglasses,is thejointWlPP/SRL MaterialsInterfaceInteractionsTests(MIIT)[8,9].
This effort,involvesthe participationof eight nations includingFrance, Germany, Belgium,
Japan, Canada, Sweden, the United Kingdom and the United States. The MilT program
includes the burial of almost 2000 samples of simulated waste forms, canister and
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overpack metals,and geologicspecimens,buriedin thesalt geok_y of the Waste
IsolationPilotPlant(WIPP) inCarlsbad.NM. SRL compositionsstudiedinclude
165/29.8% TDS and '131FJ5%TDS waste glasssystems,ARM-1 (an NBS reference
glass),and'synthetiobasalt(a naturalglassknownto be stablefor milbonsof years). The
overallchemicalcompositionsof SRLwasteglasseswere similarto thoseused inStripa,
althoughtheydidnot containzeoliteoruranium. Aliglasssampleswere fabricatedinto
the shape of "pineappleslices', similarto thoseused inthe Stripatests. Inthis=five-year
program,sampleswere testedat90°C for6, 12, and24 monthsof burial,thusfar.

EXPERIMENTAL PROCEDURE

The Stripatestswerethe firstin-situexperimentsinvolvingburialo! SavannahRiver
simulatedwasteglasscompositionsina geologicformation. While twodifferenttypesof
sampleconfigurationswere used inthesetests,onlydata fromthe"pineappleslice"
configurationwillbe discussedinthispaper. After fabricationandassembly,the samples
were buried in3-meter deep boreholes,345.metersbelowthe surface in the Stripamine.
At these,locations,heaterrodswere placedthrough20-mm holeslocatedinthe centerof
each of the samples,which subsequentlywereused to heat thesamplesand
surroundinggeologyto 90°C. The sampleswere removed attime intervalsofone month,
_.hreemonths,six months,one year, and two years[10]. There havebeen many post-test
studies.andanalysesperformedonthese systems=and reportedelsewhere[10-18]. The
samplematrixforthe presentcooperativeventureis summarizedinTable 2 and
representsonlya smallparto! the moreextensiveStripaand WIPP programs.

Table 2, Sarri31eMatri;(for.CurrentJoirltStudy

, WIPP
4 Strlpm

OM SEM ]gES WAXD FTIRRS SIMS SIMS

[ 1 ,=. ! : : : u,_,.=_, _ : : C=.amer=- SWEOEN .
165_9.a% TDS , _ _ , X

31/3s% T0S _ : _ X
131F29.8% TDS t, _ , X

[a_.l : : : ,
t

T,s._'_.e_,T0S : : _ ' X
131/35% TDS : : : X

[, _-l : : ' "
165/29,8% TOS ! _, ',, •

131/35% TOS ' ' _ '

131F29.8% TO.S _, _, ", '

('="°" I s.L --:---, -- ,-- -.
t _ _ ..

165/29.8% TOS X : X : X , X ' i X
v v ,

_3_/35% TOS _ X i X : X .

13.T/2g.8% TDS : _ : ,
L., _, _ '..
, : : univ.

[ 24,o.' 'l : : : ,,, rl,.
16_29.8% TO.S 31[. _ Z _ X _ X - X • , X X •

i,

131,'35% TDS : X _, X _, X " X • , X

;3_/2,_8% TOS ...', .... : • • • :. • -" . X " • X



The currentstudy involvesassessing SRLcompositions bythe use of a joint
intedaboratory approach. This includes the use of Optical Microscopy (OM), Scanning
Electron Microscopy/X-ray Energy Spectroscopy (SEM/XES), Wide Angle X-ray
Diffraction'(WAXD),andElectronMicroprobeAnalysis(EMP) performedat Savannah
River Laboratory,FourierTransformInfraredReflectionSpectroscopy(FT-IRRS)
conductedat the Universityof Florida,andSecondary IonMass Spectroscopy(SIMS)
performedat ChalmersUniversityinSweden.

OpticalMicroscopywas usedto providea quick,qualitativeoverviewof the reactedglass
surface. DataobtainedfromWAXD helpedto characterizethe phases lformed on the
outermostsurfaceof the leachedglass,which resultedprimarilyfrom,the geologic
environment.SEM/XES analysiswas usedto define the morphologyandwhatelements
were qualitativelypresent on and throughoutthe leachedsurfaceof theglass. EMP
revealedbothqualitativeand quantitativeconcentrationsof elementsof interestinthe
the mainoutermostsurfacelayer. FT-IRRS providedinformationpertainingtothe glass
structureand howthe Si-O and Si-alkalibondswere disrupteddue to inter'actionswiththe
geology[19,20]. Finally,SIMS profilesexaminedthe leachingdepths andp_'ovided
quantitativeconcentrationsandprofilesof chemicalspeciespresentin each of the
leached surface layers[10,21]. These techniques,alongwith othersused inthe
program,are summarizedschematicallyinFigure1.
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F_ure 1. AnalyticalTools Usedin the StripaandWIPP Studies

RESULTS AND DISCUSSION

A. Performance of SRL Waste Glass Compositions Buried In Granite at
Strlpa for up to Two Years

Momholo_vand GeneralCharacterizationof DeoositedandLeachedGlass Surfaces
(OM. W/_.XD.SEM/XES. and EMP)

From opticalmicroscopy,outer depositswere notedon ali wasteglassesburiedinthe
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granitegeologyat Strip& The thicknessesof the depositsvariedandwere
inhomogeneous.WAXD showedprimarilyamorphouspaHemson aliglassSamples,
indicatingthat thedepositsexaminedwere either non-crystallineor containedphasesof
very smallcJ_tallites. SEM andXES examinedthe cross-sectionsof thesimulated
nuclearglass systemsandshowedthatthedepositedoutermostlayervariedfrom I to 6
pm. Forthe glasscompositionmost representativeof DWPF _ion, SRL 165/TDS,
thislayerwasless than2 pmthickandthe glassinteractionlayerunderneath,wasless
than 1 pm thick. Inaddition,therewas not larged'dferencesnotedbetweenglass/glass
interfacescorq3aredto glass/graniteinterfaces. The outermostlayerswere generally
characterizedby significantamountsof silicon,aluminum,iron,bariumandcalcium. An
enrichmentof uraniumwas alsoobservedin someof the layersstudied.

In Figure2, SEM/XES analyses areshownforSRL 165KDS wasteglassburiedinStdpa
for oneyear. CorrespondingWAXD profilesshowno significantamounto! crystallinity
presenton the surfacesof the samples. Fromthese analyses,if can be notedfor the
referenceglassSRL 165/TDS,that anoutermostlayer (;z),consis_,i._,v/jprimarilyof
deposited phasesderived fromthe surroundingenvironment,formsover mostof the
glasssamples. Underthislayer,is a interactedglass zone,whichbeginsthe originalglass
surfaceand providesa measureof theamountof interactionexperiencedbythe waste
glass system(_). Thisinteractionzonewasseento be verysinai inali cases,thus
indicatingthat the glassperformedwell andexhibitedgoodcherrdcaldurabiltyinthese
tests.

Figure 2. SEMI,X-ESAnalyses of SRL 165/TDS Waste Glass inStripa after One Year

Elemental mapping was performed using electron microprobe .analysis. From these
analyses of 165/TDSwaste glass, buried in Stripa for two years, siliconwas a dominant



species found throughoutthe leached layers, in large quantitiesand mostly uniformily
distdi0uted. In Figure 3, elemenlal maps of aluminium and magnesiumshow that some
outer precipitates contain aluminum-richphases, which are also depleted in magnesium.

Mq_z_Um

Fk]ure3. ElementalMaPsof AiandMofor 165/TDSWaste Glass inStripaafterTwo Years

Effectsof Glass Corroosi_tion.Temoeratureand Deoreeof LeacllJt'lg_(FT-IRRS_

FT-IRRSwas used to pnolvidea semi-quantitativepicture of the relative durability of the
three SRL waste glass compositionsin Stripa. In Figure 4, profilesof ali three glasses are
summarizedafter burial for two years in the granite site, both at 90"(3 and at ambient
terr_erture (8-10°C). For comparison, the profiles of the unreacted or unchanged
glasses are supedmpos_:l [14].
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....... SRL 165-298% TOS
-- --SRL 131-.]5 % T0S
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_200 lO00 800 6_30
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F'K_re4. FT'-IRRSAnalysesof SRLWasteGlass_ inStria
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These profilesrepresentthe Si-O and Si-alkaliinteractions.The degreeof leachingis
relatedto the amountof change intheseprofiles,before and after testing. Asnotedin
the figure,the higherthe temperature,the morechangethat is observed,indicatingthat
glassleachingincreasesas temperatureincreases,whichis to be expected. Also,the
mostdurableglass(smalle_ change)is notedas the referencecomposition,165/TDS.
The next mostdurable, is the highwaste loadingcomposition131/35% TDS and the Ueast
durable, isan earlyformulationdesignatedas 131/TDS. Foralioi thesecompositions,the
intensitychangeswere determinedandfoundto be relativelysmall,evenfor the relatively
lessdurableglasses,thus indicatinggoodleachingbehavior. These findingsare
consistentwiththe SEM/XES resultswhichindicategood glassbehaviorand are
consistentwithotherlaboratorytestswhichhaveshown(a) 165/TDS waste glass has
excellentchemicaldurabilityand (b) the highwaste loadingglass of 131/35% TDS
pedormsbetterthanthe lower loadedcomposition131/29.8% TDS.

QuantitativeDe_h Profilinqof Elementsof InterestThrou0houtLeachedGlass Surface
Layers(SIMS_

In Figure5, profilesof keyelements and definitionsof precipitatedand leachedlayersare
summarizedbySIMS for aBthreeglasscompositionsafterbeing buriedfor2 yearsin
graniteat Stripa[21]. Inthe outermostregioncx,elementaldistributionsare very different
than seenwithin leachedlayersof the glass_underneath. This outermostregionis
characterizedbya significantamountof Si thatispresentand a near absenceof B. A
dominantelement inthe surroundinggraniteenvironmentis silica. Belowczisthe J3
interactionzone, whichis characterizedbya relative'enrichment'inSi, Fe, AI,and H, and
a relative'depletion'inB andthe alkalielements.
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FK_re 5. SIMS Analysesof SRLWaste GlassesinStdoa
as a FunctioDof WasteGlassComoosition
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In Figure , the growthof these layersfor referenceglass165/TDS, after 1,3 and24
monthsis llso slxJwn[21]. There are manyimportantpointscontainedwithinthesedata.
Included 'e theobservationsthat elementaltendenciesare very similarfor thethree
leachingIiime intervals,and thedepthof theglassleachingzone is verysmall,and its rate
of growth;_opearsto be decreasingwithtime.
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F:oJre6. SIMS Analysesof SRL 16..RqDSWasteGlassinStrioa
as a FunctionOfTime

The SIMS ,dataareconsistentwithobservationsmadeby SEM/XES andFT-IRRS, but
provideanotherlevelof detailof elementsof interest,theirprofilesthroughleached
layers,and a quantitativedeterminationof depthsof precipitatedandglass interaction
zones. The glassinteractionzone, 13,canevenbe broken-upto higherlevelsof detail, if
desired. These analysesclearlyshowthatthe wasteglasssystemsburied ingraniteat
Stripator upto two years,exhibitnotonly excellentresistanceto leaching, but the
leachingperformanceimproveswith increasingtime.

B. Com_-_rlsor0of the Performance of SRL 165/rDS Waste Glass Buried
in Granite at Strlpa and in Salt at WIPP, at 90"C, for Two Years

SimilarSRL 165/TDSwasteglasscompositionswere buriedinthe Stripamine ingranitein
Swedenand inthesaltfacilityat WIPP, locatedinNew Mexico. SIMS analyseswereused
to comparetheperformanceof SRLwaste glassesburiedforup to twoyears inboth
geologies[21,22]. Whilethe precipitationlayer,(x, isprimarilya functionof the geologic
conditions,the amountofglass reacted orleached, ismostdirectlyrelatedto theglass
interactionzone, 13[23,24]. These measureddepthstakenfromSIMS profilesare
summarizedgraphicallyin Figure7. Fromthesedata and forthese testingconditions,we
seethatSRL 1F._.5/TDSwasteglassperformssimilarlyingraniteas insalt.
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Fioure7. In-SituTestinoof SRS Waste GlassinGranite(STRIPAIandSALT (WIPP)

CONCLUSIONS

Basedon alianalysespe=formedto date on glassestestedinbothStripa andWIPP, the
performanceof SRL wasteglassesis excellent,inboth the graniteand salt environments.
In addition,the in-situtestingprogramshavealso ,shownthatthe behaviorof Savannah
Riverreferencewaste glassis similarinthetwodifferentgeologicmedia. Finally,the field
data supportslaboratorytests andfindingswhichindicatethatthe chemicaldurabiltyof
SRL wasteglass is notonlyvery good,but actuallyimprovesfurtherwith increasingtime.
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