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Abstract

Theability of Nirex Reference Vault BackfilNRVB), a cement backfill materiato
capturecarbon dioxide fromritermediatd_evel Radioactive waste packages after
repositorybackfilling, has been assessédrgescale trials assess#te physical and
chemicédreaction of carbon dioxide with the hardenpedtkfill grout.A carbonation

front, radial in nature, was observed extending into the grout and three distinct regions
were identified in the hardened grouts. A carbonated region, a carbonation front, and
apartially carbonated zoneere discerned?otassiumand to a lesser extesbdium,
wereconcentrated in the carbonated region just behind of the main reaction front. The
area just ahead of the carbonation frees enriched in both sulphur aatiminium

while sulphur was found to be depleted from the carbonated material behind the main
reaction front. Within the main carbonated regirtually all of the hydrated cement
phasesvere found to bearbonatedand carbonation extended throughout the grout,
even within material indicated by phenolphthalein solution to be uncarbonated.
Importantly, carbonatiowasobservedo impactboth the mineral assemblage and
porosity of the cement backfill; it is therefore im@at to understanthese

characteristics in terms of thang term evolution oNRVB and its groundwater

buffering safety function within the geological disposal faciiarfield.
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1. I ntroduction

Geological disposal in an engineered facility undergroutitei$JK Govenment’s
policy for disposal ohigher activity radioactive wastfbepartment of Energy and
Climate Change2014].Such geologicallisposalfacilities (GDFs)or repositoriesre
based orthe use oh multi barrier containment approaethich involves the
applicationof engineered barrigrasorking in combination with natural geological
featuresto reduce the rate of radionucliddeaseo the biosphere. In tHéK, an
illustrative concept fodisposal olntermediate Level Wasté (V) in afractured
crystalline rockle.g. grartic), is thatpackages of grouted wastgll be emplaced in
subsurfacevaults and surrounded with a Portlaseimentbased backfill called Nirex
Reference Vault Backfill (NRVB)Pusch, 2017].

The bulk ofgaseous emissions from ILW packages are expectael hgdrogerfH>),

mainly produced from the corrosion of metallic waste products agttiangCHs)

and carbon dioxidéCO,), producedsia the microbial degradation of organic waste
materials under anaerolacaerobic conditionsRadioactive Waste Management
Limited, 2016a; Amec Foster Wheeler, 2017]. A small proportion of the gas produced
would include tritium(3H), *C speciegincluding**CHs and*CQ,) and rador{Rn-

222). L isdesired thatafter backfilling, either the cementitious material in the waste
packages, or in the backfill, would captareywasteCO; (including“CQy), thus
retardingits egress to the geosphéroch et al., 2016]. .

In ordinary Portland cements used for construction purposesir@®the
atmosphere diffuses through gas-filled pores and dissoligethmpore solution
forming agueous HC& The uptake of acidic COnto the alkaline pore solution
reduces the internal pH of the binder, and tissalved carbonate also reacts with
calciumrich hydration products present in the matrix, mainly with portlandite
(Ca(OHY), calcium silicate hydrate ¢S-H') and the various calcium aluminate
hydrates present, to form solid calcium carbonaiésa geland hydrated aluminium
and iron oxides [Johannesson and Utgenannt, 2001; Zivica and Bajza, 2001;

1 Calcium silicate hydrate is the principal binding phase in Portland cement based
systems. C, S and H indicate the oxides of calcium, silicon and hydrogen re$pective
while the hyphens reflect the variable composition of the material.
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83 FernandezmBertoset al., 2004].
84
85 The effect of carbonation on the mineralogy and poroaigy/thetwo most important
86 characteristics that influence thbility of a cementitiouvackfill grout to buffer
87  groundwater to high pH (as desired to retard release of radionuclides to the
88  geosphere)cf. Nuclear Decommissioning Authority. 2010; Wilson et al., 2017), and
89 the effect has not been fully elucidat@the reaction of Cein thegas phase with
90 typical waste encapsulation grouts and NRVB, in unsaturated conditions, has
91 previously been studied in laboratory experiments e.g. Harals, [2003a; 2003b]
92 and; Sun [2010] Carbonation was considered to be associated principalilyevith
93 portlandite and C-S-H components, facilitated by the dissolution eff@®films of
94  water condensing on the cement phases and consequently, the reaction catglys str
95 influenced by relative humidity [Bamforth et al., [2012], More recently, exparial
96 studies simulating saturated repository environments have been undertaken to
97  examine the effect of carbonation on gas-transport properties of NRVB [Rodhelle e
98 al., 2013; Purser et al., 2015]. There has also been significant interest in studying
99  cemat carbonation in deep saline brine groundwater environments to evaluate the
100 performance of cementitious well seals in relation to the geological sedioestf
101 COz[e.g. Kutchko et al., 2007; Rochelle et al., 2009; Wilson et al., 2011; Rochelle
102  and Milodowski, 2013]. Natural analogue studies provide further insights into the
103  long-term effects of carbonation on cementitious materials [Milodowski, &04.1;
104  Pitty and Alexander, 2011], and indicate that both the processes and degree of
105 carbonation depend upon the geological environment and the partial pressuee of CO
106 in the groundwater [Bamforth et al., 201Bpwever furtheinformationis required
107  to understand this degradation mechanism in the context of thelpsste
108 performance of a GDMVe reporthereon detailedexperimentaktudiesinvestigating
109 the reactiorof gaseou£ O, with hardenedNRVB to support understanding tife
110  backfil material following closuref the GDFE
111  Itis important to revisit the chemistry and engineering performance of NR¥isa
112  time, as the understanding of its role and function within a GDF have evolved since
113 its initial formulation as the UKpens its siting process feuch a facility
114
115
116 2 Experimental
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21 Materials

Nirex Reference Vault BackfiNRVB) was formulated according to [Franetsl.,
1997 using Ribblesdale Sellafield specificatiBortland CementHansam Cement
[Cann and Orr, 2010], limestone flogirendley Quarries [BSI, 2005]) and hydrated
lime (Limbux hydrated lime sygied by Tarmac Buxton Lime ande@ent[BSI,
2015]).Characterisation of each of these materials (e.g. particle size, surface area,
composition etc. are provided in Vasconcelos et al. (20IBgformulation of the

NRVB page is shown in Table;Xhe overallwaterto solids ratio (ws)was0.55.

Table 1. Formulation of the Nirex Reference Vault Backfill (NRVB) as specified
by Franciset al., 1997, and used in the current work

Components Mass Paste Proportion Solids Proportion
(9) (Wt.%) (Wt.%)
Ordinary Portland cement 450 26.01 40.36
Limestone flour 495 28.61 44.39
Hydrated lime 170 9.83 15.25
Water 615 35.55 -
Total 1730 100 100

22 Largescaletrial

Powders sufficient to produce a 500 L batch of greerte weighednd then added to
the desired weight of watat a controlled rate over a 25 minute period inBriash
Nuclear Fued Ltd (BNFL) groutmixer @nimpeller invesseimedium sheamixer,

with a 500 litre capacity assed in the Sellafield Wastes Encapsulation plant (WEP))
and then mixed for a further 15 minutes. The grout was poured b@aspoke 400 L
stainless steel curing vesgElgure 1).The vessel had an internal diamete7 ®d

mm, an internal height of 780 mm, and incorporated a stainless steel ILW drum lid

(with a standard sintered metal vent at the centre of théxXet) inside.
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A sealeccompartmentocated directly below the vent providadyastight reservoir
from whichthe CQ wasemitted, this was designed to simulate the arrangement of
ILW drums, releasing gas through the vent in the GBdfore thed00L vesselwas
filled with grout, the inside faces were roughened, to provide lsttesiorbetween
the backfill and the vessel, and reduce the risk of gas flow between the sample and the
vessel After filling with the NRVB, thanterface between the top surface of the
NRVB and the vessel was filled with a beadinggpbxy resifbased concrete
bonding material to ensure goadhesiorbetween thgrout and the walls of the
vessellandhence reduce the pathways available for the ©@ow around the

groud. The vesselasthen filled with 302 Lof groutto cover the drum vent and

form an interface with the drum lid; this simulatbe backfilling of a GDF vault

filled with ILW containersThe sample was sealed and cured aC4@present
potentialGDF conditions for 28 days. After this period timernal ga reservoirs

were filledwith CO;, (99.8 % purity) to 0.15 MPa from an external gas bottle through
aconnection in the base of the vessel and into the reservaipi@ssure was
measured at the gas inlet reservoir throughout, and gas consumption wksezhlc
from pressure changes. The carbonatii@h wasperformed at 30°C and autogenous
relative humidity RH); temperature and pressure were recorded for the duration.
Theseconditions are desigito be comparable to those which may occur GDd
[Radioactive Waste Management, 2B]L6Thevesselwasfitted with a carbon

dioxide sensor in thexternal lidof the 400 L vessel tdetectanyrelease of Ce&from
thetop surface of the grout, which would indicatther premature material

degradatiore.g. by cracking, oCO, peameationthrough the whole depth of the grout.

Sealed ullage spaci
Polymer

/ sealant ~ o 3

ILW drum _
- lid

Sintered
metal fiIter\

/
CO;
reservoir

Figure 1. Schematicof the largescale tria 780mmheight by 790mm diameter)
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170 equipment layout and plan viewof post experimentalore locations.

171

172

173  After almost2 yearsof curing and exposure to GQhe trial was terminated and three
174 48 mm diameter cores wedeélled (using a single barrel corgerpendicularly to the
175  top surface and through thdl thickness of the grouintil theembeddedteel ILW

176  drum lid was reachegFig. 1). Directly after removal, each core was placed and

177  seakd in an argon-purged polythene sleeve, and then double bagged in a second
178  polythene sleeve. This was performed to preserve the cores and prevent additional
179  atmosphericWater was used minimallgr cooling and lubrication fluid during the
180  drilling process carbonation prior to analy#ifter coring, samples were sprayed with
181 a solution of 0.2% phenolphthaleindenatured ethanchnd photographed to allow
182  areas of bulk carbonation to be visually identified.

183

184

185

186 24  Analytical methods

187

188  Thermogravimetric Analysis (TGA) and Differential Scanning Calorim@§C)

189  wereperformed using a Netzsch STA409PC Simultaneous Thermal Analgsey

190 ~30mg samples in a nitrogen atmosphé@atedrom 50to 1000°Cat 10°C/min.

191  For permeability testing, &&mco MR402 ‘mini’- or ‘probepermeameter’ was used.
192 Measurements were made on the cut flat face of one half of the intact cement cores in
193  a horizontal orientation. Flow rate and pressure were recorded and permeasility w
194 calculated. Measurements were repeated several times at the saarelgpemean

195 was taken as the representapeemeability. Measurements were recordadvarious
196 pointsalong the length of each caséintervas of ~10 — 20mm apart.

197

198 Selectedhin section®f each coravere carbon coated (~25 nm layer) and then

199 examined using backscattered scanning electron imaging (BSEM) and-energy
200 dispersive Xray microanalysisEDXA) elemental mappind-he locations of the thin
201  section sampling points are shown in Figur&liis was prformed using@FEI

202 QUANTA 600 environmental scanning electron microscope (ESEM) equipped with
203  an Oxford Instruments INCA Energy 450 EDXA syst&emiquantitative EDXA
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204
205
206
207

208
209

210
211
212
213

point analyses were recorded from selecte@yXmapped areas to aid phase
differentiation and identification, and processed using the inbuilt “standdrdless
calibrationOxford Energy INCA Suite Version 4.15 (2009) software package.

CORE 1 CORE 2 CORE 3
500

400 4

W
o
o

Vertical distance from base of drum [mm]

BASE [CO, INLET]

CZ Carbonated zone
[J Location of polished sections for petrographic analysis and LA -ICP-MS
@® Location of X-ray microtomography samples

Figure 2. Photographs of the longitudinalgficed cored samples, showing the
sampling locations for petrographic thin sections, ICR-MS and Xray

microtomography

Laser ablationnductively coupleemass spectroscopy (:-ACP-MS) was performed
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214  using an Agilent 4500CP-MS, combined with a laser ablation function, omih

215 thick samplesMeasurements were carried out in theay imaging facility at the

216  University of Manchester (MXIF) using the Nikon Metris 225/320 kV Custom Bay
217  instrument, with a 225 kV source and a PerkinElmer 2000 x 2000 pixst 16-

218 amorphous silicon flat panel detector (FiguyeThe scans were collected using a
219  tungsten target with a voltage of 70 kV and current of 170 pA, the beam was not

220 filtered, and the exposure time per frame was 1 s. A total of 2001 projections through
221  afull 360° rotation with 1 frame/projection were collected with a pixel size of 5 x 5
222 um (resulting in a reconstructed voxel size of 5 x 5 x 5 um). The results were
223 acquired using the Nikon Inspect-X software, and the piojecwere reconstructed
224 using Nikon CT-Pro. Beam hardening corrections (level 2 out of 6) and noise
225  reduction (level 2 out of 6) were used while reconstructing. [Pebwals, 2012].

226  Raman androurier Transform Infr&Red ETIR) spectroscopy were both used to
227  study material either side of a visible carbonation frBaman spectra were recorded
228 using a Renishaw System 2000 Raman spectrometer fitted with' éasar (514.5
229 nm). Twenty spectra were accumulated, with a 10 secandsitton time, typically
230  over the wavenumber range 2001200 cmt, and samples were left under the laser
231 light for up to 20 minutes prior to collection of the spectra to “photobleach” and
232 reduce fluorescend®ichardson et al., 2010for X-ray diffracion (XRD), samples
233 werefinely-ground under acetone with 10% corund{#hOz) as an internal

234  referenceo allow validation of quantification result§RD was carried out using a
235 PANalytical X'Pert Pro series diffractometer equipped with a cabsgettube, X-

236  Celerator detector and operatd5 kV and 40 mA. The powder samples were
237  scanned from 4.585° 20at a scan rate df.76° 20/minute. Quantification was

238 achieved using the Rietveld refinement technig.ge Snyder and Bishl989]) using
239  PANalytical HighScore Plus softwategether with thénorganic Crystal Structure
240 Database (ICSD, 2014).

241

242 3. Results and Discussion

243

244 31  Carbonation front and visual characteristics

245

246  Staining(later confirmed by micrdocus techniquedescribed in the characterisation

247  sectiors below)wasused to identify three distinct regions within each core of
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248
249
250
251
252
253
254
255
256
257
258
259

hardened NRVBI) uncarbonaterli) partially carbonatedandiii) carbonatedegiors.

The partially carbonated region was observed as iactistterface between

uncarbonated and carbonated material, and was likely to be where a carboaation fr
was located; these three regions are each analysed in detail Betaach core, the
assignment of uncarbonated, partially carbonated and cagdaegfions was made

based on the results obtained using phenolphthalein staining. Phenolphthalein staining
was also used to measure the depth of carbonation in each of the thretheores;
averagaedepthwas measured to [#6.8mm, 21.5mmand 11.8 mm for Core 1, 2 and

3, respectively these were obtained by averaglmgween 6 and @ieasurements

each).
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260 3.2  Micropermeametry

261

262  Thepermeabilitymeasured along longitudinal profiles throubkthree coresvaried
263  between 0.12 and 1.Q¥c £0.02)mD (Table 2) These values were close to the lower
264 limit of detection of the instrument, thusnas difficult to identify any distinct trends
265 However a number of observations could be made. The permeability of the

266  uncarbonated cement varigwstly between 0.12 and 0.26c +0.02) mD. No

267  relationship was observdxbtween permability anddistance along the core, other
268 thanin the bottom 12 cm of each coréwithin the carbonation zoneghere itwas

269  significantly higher, particularly fotoresl and 3. Not only did the carbonation cause
270  an increase in thegermeability, buthe textureof the grout was obserdd¢o become

271 harder and discoloured; altering from a light grey to pale-beige colour, with a

272  porcelaneous appearance in the carbonated zones in all cores (Figure 2).

273 Table 2. Microper meametry results
274
Vertical Position? Intrinsic permeability
(mm) (mD)
1 2 3
440 0.24 0.19 0.23
420 0.21 0.12 0.22
400 0.18 0.26 0.21
380 0.18 0.12 0.20
360 0.16 0.14 0.19
340-350 0.17 0.15 0.21
320-330 0.15 0.22 0.21
300-310 0.16 0.23 0.23
290-300 0.18 0.26 0.20
270-280 0.24 0.26 0.20
250-260 0.23 0.12 0.20
230-240 0.20 0.20 0.21
210-220 0.20 0.15 0.24
180-200 0.17 - 0.23
160-180 0.22 0.18 0.15
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275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297

140-160 0.23 0.14 0.20

120-140 0.21 0.19 0.17
90-120 0.24 0.13 0.18
110-90 0.17 0.20 0.18
60-90 0.16 0.20 0.17
50-60 0.16 0.19 0.19
40-50 0.17 0.18 0.17
30-40 0.15 0.20 0.19
20-30 0.78 0.19 0.17
10-20 0.72 0.26 0.19
10 1.07

Notes.?2 — from baseof core.Shading indicates carbonation based on Phenolphthalein

staining Instrumental uncertainty (16) = +£0.02 mD for permeability values <1 mD.

3.3 Acid digestion and LA-ICP-MS

The totalelementakoncentrationgetermined byacid digestiorare shown in Figure
3 (Cais not shown here due to the very high concentration of ~3pphf). The
concentrations of Al, Fe, Mg ar&l were similar in eacbf theregiors, indicating
that if migraton of these elements occudsring carbonatiorit is likely to be only
over short distances, as showrFigure 4 Compared to the @arbonatedegion the
carbonated and patrtially carbonatediors appeared to brelativelyenriched in Na

and K, and the carbonated region wapletedn S.

The concentrations of Sr and Werehigher in thecarbonatedegionthan inthe
uncarbonated materi@lthough this was a small difference for Big. 2).The Ni
concentratiorwas greast in the carbonated region; Ni sorbed to 8-Sy be
released during carbonation of this phd$iehas beemeportedo show very limited
incorporation into calcite [Hoffmann and Stipp, 1998}e elevated concentration of
Srinthe carbonateckegionis likely to be due t@o-precipitation with Ca and
incorporation (by solid-solutionip CaCQ, which is precipitated ingres during the
carbonation reactiofShafiqueet al., 1998].The concentrationf metals is also likely

to be higher irpore space filled witkecondaryrecipitatedCaCQ [Langeet al .,
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298
299
300
301

302
303

304
305
306
307
308
309
310
311

1997].Within error therevasno difference inthe concentration of the other minor
and traceelements (Ba, Cr, Cu, Mn, Ti, V, Zn and Zr) between each region.

1.4E+4 5
1.2E+4 ] m Carbonated
E 1.0E+4 ] = Partially carbonated
o ]
‘? 8 0E+3 ] @ Non-carbonated
kS ]
S 6.0E+3 1
c ]
8 4.0E+3 1
c 1
= ]
Ll
O-0E+O E T T T T T T

Al Fe K Mg Na S Si
b)
9.0E+2

8.0E+2 ] ®Carbonated

% 7.0E+2 3 mPartially carbonated
= 6.0E+2

% 5.0E+2
£ 4.0E+2
%’ 3.0E+2
O 2.0E+2
1.0E+2
0.0E+0

@ Non-carbonated

=M

Ba Cr CuMn Ni P Sr Ti V Zn Zr

Figure 3. Results of the acid digestion of the samplége charts show thdezmental

concentratios of (a)the major (excluding Caat ~3x 13 ppm in all regionsjand (b)
theminor elements identifieth the carbonated, partially carbonated and

uncarbonatedegions.Instrumental uncertainty in IGMIS determinations is 2.5% in

each concentration measurement shown.
Figure 4shows LAICP-MS maps across the carbonated regions in Cofevt

distinct regions with differing chemical compositions were observed: one at the
reaction front (the carbonation front) and the other behind the carbonation front
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312 (visible as a transitionaegion of partial carbonation), indicating that carbonation did
313 not occur in a singlstep process at a walkfined single front. The carbonated

314 region was depleted in Ca due to its release fre§H during the carbonation

315 process [Morandeaat al., 2014]) and was rich in Si; the decalcification of G1$s

316  known to result in the formation of a highly-polymerisedi€it gel [Fernandez

317 Bertoset al., 2004].Si was present at lower concentratwithin the partially

318 carbonated zone. The contents of Fe and Mg were similar in both the carbonated and
319 uncarbonated regions, but both these elements were slightly depletegantidiéy

320 carbonated zone, which corresponds to the results obtained by acid didgagtina (
321 3a). Itis not immediately obvious frothermodynamic or solubility arguments why
322  this should be the case, but this is a point worthy of further investigation in the future.
323

324  The most striking difference between regions of carbonated andambonated

325 NRVB shown inFigure 4was the distribution of S, which was either depleted

326  (carbonated region), low (nararbonated region) or enriched (carbonation front).
327 This is also reflected in the concentrations of S measured after acidahg@Esii

328 3a). Any S present is likely to exist in calcium aluminate hydrate phases (patyicular
329 ettringite anchydrated calciungferro) aluminatemonosulphateAFm)), which have

330 low solubility at high pH but are unstable under lower pH conditions, such as those
331 prewalent during carbonation (pH 7 — 8.5) [Morandebal ., 2014]. Therefore, any S
332  present would likely dissolve upon carbonation, and migrate away from the

333 carbonated region towards uncarbonated material. This same phenomenon was
334 observed for Al and S, whethere is aelevated concentration tfese elements

335 immediately ahead dhe carbonation front arsipports the hypothesis that ettringite
336 or AFm phases decompose upon carbonation and Al migrates towards the

337 uncarbonated material [Nishikaweggal., 1992].It is possible that other oxyanions,

338  such as PO43-, which are present in the calcium silicate phases of Portland

339 Cement clinker and the interlayers of C-S-H [Poulson et al. 2010], may undergo a

340 similar process, as evidenced by the apparent enrichment of P in the partially

341 carbonated region and depletion in the carbonation, as shown in Figure 3
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343

344
345

Counts x 105 Counts x 103

Direction of
carbonation

Carbonation
front

Transition zone
1 mm

Counts x 10°

26

24

22

2

1.8

16

14

12
1

0.8

0.6 ]

Figure4. LA-ICP-MS maps showing the relativesttibutionof Ca, Si, Al, S, Fe and
Pin the region immediately surrounding the carbonation tsb@orel.
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346  Further elemental magEig. 5) were acquired on a duplicate sample, taken from a
347  regionthatwas also measured using X-ray microtomografsiey below)in

348 agreement with the data presenteéigure 4 this sample also demonstrated a

349 carbonation reaction front, however the determination of its location and the analysis
350 of apartially carbonated zoneas hampered by the presence of an unreacted particle
351 of cement at the carbonation front (see Si, Al 8relemental maps, Figus and

352 also by the presence of a fract(gsee Si, Na and K elemental maps, Figyrdhe

353 distributions ofelements weréroadly consistent with those observedrigure 4

354  giving further evidence for the decalcification of C-S-H in carbonated regions

355

356 In agreement with the digest data for Na and K (Figth&se elements were observed
357 to be enriched in the carbonated region and depleted in theanlborated region.

358 Theconcentration of Na and K was lower in the vicinity of the frémgjimplications

359 of these observations will be explored in more detail in Section 4.

360 The contents of Fe and Mg were similar in both the carbonated and uncarbonated
361 regions, but both these elements were slightly depleted patiially carbonated

362 zone, which corresponds to the results obtained by acid digestiume 4. It is not

363 immediately obvious from thermodynamic or solubility arguments why tusld be

364 the case, but this is a point worthy of further investigation in the future.

365
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367

368
369
370

Countsx 10° Counts x 10°

Direction of

carbonation

4
2

Counts x 10°

Carbonation

front &
.~ carbonated

Figure5. LA-ICP-MS maps showing the relative concentrations of Ca, Si, Al, S, Na

and K in a partially carbonated sample of NRVB, corresponding to the region

analysed by Xay microtomography.
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385

386
387

388
389
390

34  X-ray microtomography

Selected slices of the representatistume of interest (VOI, 601x601x601 voxels at
5 um resolution) 6r samples assessiedm Cores 1 and 3 are shown in Figurd'be
brightest isolated phase regiomere assigned to unreacted Portland cement particles
[Gallucci et al., 2007]. h the case of the partially carbonatedions Figure6(b) and
(e)) there was also a very bright feataoeresponding to theccumulation of
carbonation reaction producisthe carbonation fronfhis difference in brightness
indicatesthatthedensity of the carbonation fronthggher thanthat ofthe other
material Voids appeadas darker area$&pgllucci et al., 2007] and wee clearly
identified by their spherical morphologg all samples assesséthe carbonated
regions (Figure & d) show some stredike features which may tentatively be
identified as remnants left in the microstructure by the passage of the ¢embona

front; such features are not evident in the uncarbonated regions (Fegfjre 6

Figure 6. Selected slices through the VOIs in each regibcore (a) and (d)

carbonatedegiors; (b) and (epartially carbonatedegiors and (c) and (f)
uncarbonatedegiors, of Corel and 3respectively
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403
404

2D images of selected slicesd 3D reconstructions of the VOI, of Corar@shown

in Figures 7 and 8respectivelyThe carbonated regiofif. 78 hada reduced

fractionof pores comparetb the uncarbonated regiofig. 7c) due to the formation

of calcium carbonate in the pore space. In the partially carbonated s&ngpléd), at

least two carbonation frontgereidentified in the VOI selected. Although thaye

quite distinct, the formation of more than one front indicates that carbonation is
neither occurring homogeneously throughout the sample, nor as a single-step process
at one sharply defined carbonation front. Tilghestporosity was observed in the

partially carbonated zorjast behind the carbonation front.

(b) - Carbonation
. direction

Figure7. 2D VOI reconstructions of samplgem Core3. The top row showgrey
scale imageghe @ntrerow the imagesegmented into solid (white) and pore (black)

regions, andhe ottomrow the imagesegmented intareas ofarge pores (black)
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of: (a) thecarbonated regiorfb) the partially carbonated regi@amd (c) the

uncarbonated region.

The 3D reconstructions of the VCHi{. 8)indicate ahigher fraction of large pores
were presenin the uncarbonated regi¢Rig. 8c) andthatthere was &igh fraction of

pores in the vicinity of the carbonation front, particularly just ahead of the verg dens

(bright) region in the sampl&ig. 8b).

Figure 8. Sample from Cor@: (a) carbonated region; (b) partially carbonated region
(carbonation is from top left corner) and; (c) the uncarbonated region.
reconstruction of the VOI (toprow) andthe VOI re-thresholded to show only the

large pores (bottomow)

The porosity determined from analysis of this data for two samples from Cands 1 a

3 is summarised in Table 3. The average segmented porosity of the carbonated region
is ~30% lower than that in the uncarbonated region, which confirms that carbonation
products are precipitating in pore space, resulting in an increase in density.
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Table 3. Summary of segmented porosity results

Coreand Regions
Sample
Number

Carbonated  Partially Uncarbonated

carbonated
1
Sample 1 33.3 - -
Sample 2 22.0 41.4 37.9
9
Sample 1 36.5 - -
Sample 2 31.7 43.2 43.5
Average 30.9 42.2 40.7
sDt 6.2 1.2 3.9

Notes:! — Standard deviation.

3.5  Raman spectroscopy

Despite leaving the samples to photobleachjatthrecorded werdetrimentally
affectedby fluorescence, leaving just the most intense bands visible. Portland cements
are known tdluoresce Richardsoret al., 2010], and so while not entirely

unexpected, the fluorescence was more severe than had been anticipated.

Al of the spectra obtained showed the charactenst@arbonate band at 1085 ¢m
attributed to either calcite @aragonite [Black, 2009No evidence ofinyother

calcium carbonate polymorphs, or of carboaluminate phvaae®bservedn some of

the more welldefined spectra it was possible to séattéce vibration band at 280m

! or theva carbonate band at about 7di?; these bands are attributidcalcite

There was typically an increase in the intensity of the carbonate bands héthin t
carbonated zone compared to regions beyond the carbonation front, indicating higher

concentrations of carbonate within the carbonated zone. Similarly, in isolatédhspec
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446  away from the carbonation front it was possible to discern a weak band atm360
447  attributed to portlanditdt was not possible to identify any other species within the
448  spectra. Indeedhe region 900 — 1036, where characteristic sulfate bandsare
449 expectedwas examined closely, but no peaks were observed. This should not be
450 taken as there having been no sulfate species present, but rather that fluorescence
451 obscured any bands.

452

453 3.6 Mineralogical and elemental analysis

454

455  The distribution of major and minor elements was mapped using BEBXA for

456  several region®f Corel closely matching those examinkey other technique®ata
457  acquired across th@incipal carbonation fronare presenteth Figure9, wherea

458 major change in the microstructure of ttedenedjrout upon carbonatioten be

459  observedThe decomposition of the fingrained CGS-H gel matrix and the formation
460 of a very fine-grained mixture of calcium carbonate and silctfamaterial at a

461 micronscalecan be observe@ccompanied by the detepmentof very concentric
462 fine shrinkage cracks cementedd®condary calcium carbonate. Timsagreement
463  with other experiments on the carbonation of NRVB and other Portland cemgnts [
464 Rochelle and Milodowski, 2013].

465

466 In agreement with LACP-MS results, he EDXA elemental maps recorded across
467 themain carbonation reaction frofffigure 8)show that carbonation resulted in

468  significant chemical changes and movement of major chemical components. In
469 particular,K and, to a lesser exteawere conentrated within the altered cement
470  matrix behind the main carbonation front. Wasstrongly concentrated at the

471 reaction fronandSwasdepleted from the carbonated region behind the main

472  reaction front, buenrichedn therelativelyunalteredregion Sulphur wasparticularly
473  concentrated immediately ahead of the main carbonation front where the calcium
474  carbonate precipiteon was found to be dominant. In the uncarbonated rezhead
475  of the reaction frontpcalizedhigh concentrations of S, Al and C&re observed in
476  some samplegparticularlyin large voids created by dnubbles entrained within the
477  groutduring mixing whichwould allow the expansive formation of ettringite

478  Chlorine was present in the epoxy-resin used dwamgplepreparationso themap
479  for Clis a proxy for the resiimpregnated micrgorosity within the groutThe
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487
488
489
490
491
492
493
494
495
496

elemental maps across the reaction front st@atCl was markedly depleted within
the carbonated front compared to thmaining microstructuresuggesting a lower
porosity and higher density in this region. This reduction in poraslilgely to result
from the precipitation of calcium carbonate within thain porosityof the reaction

front.

uncarbonated NRVB

carbonation front

carbonated NRVB
direction of
cOo;
migration

i

2 um

100

50

relative intensity

Figure9. BSEM image with corresponding colour-contoured relaitivensity
EDXA element distribution maps, recorded from a polished thin section prepared

across the carbonation reaction front for Core 1.

Areas faraheadf the carbonatiorfront were also mapped, and showed that
cement paste hatbt undergone intense alteration when compared tgrthe within
and behindthe main alteration frontn these regions C-B; calcium aluminate
hydrates, and partially hydrated cement clinker peles were still presenHowever,

some carbonation of the portlandite and E+8el in these regions hadlearly
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occurred(Figurel10). Although“primary” calcium carbonate is presanithe NRVB

as limestone flour added during the preparation of the NRVB cementJithestone
particlesarereadily distinguisheg@etrographically from the secondary calcium
carbonate produced by cement carbonafidvelimestone flour particles are
characterized bgngular fragments of calcium carbondisseminated throughout the
NRVB samples (Figur&0). In contrast, secondary calcium carbonate formed by
carbonation reactiois manifested as fingrained secondary calcium carbonate
forming alteration fringes arodrthe margins of portlandite crystalsin irregular
patches replacing-S-H matrix material (Figurd0). Secondary calcium carbonate
was also sometimes observed nucleating around limestone flour fragments. EDXA
analyses and Xay maps show that the sedany calcium carbonate forms fringes
around portlandite crysta{figure10). Semtquantitative compositional estimates
from EDXA show the secondary carbonate fringes lea@a:Oatomicratio (~0.3)
similarto that of the limestone fragments (Ca:O ~0.84plying that thecarbonation
reaction product isssentiallylCaCQ (Ca:O = 0.33).In contrast, the relatively
unaltered cores of thgartially-carbonategbortlandite crystals have a much higher
Ca:Oatomicratios that vary between calcium carbonate (0.33) and portlandite (0.5).
The armarring of the surface of thegmrtlandite crystals by a reaction rim of
secondary calcium carbonatél probably have protected or limited reaction with

CO, to some extent.
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[a] Limestone flour
Ca:0~0.34

Ca

C+Ca
(@)

[c] Portlandite
Ca:0~0.43
Ca
©,0
S Ca
+
O
0 1 2 3 4  5keV
]
carbonated fringe Fn
on portlandite 2 100
(]
portlandite core -g - 50
microporous matrix & o
impregnated with e

epoxy-resin (high-C)

limestone flour particle

Figure 10. BSEM image with corresponding colour-contoured relaiivensity
EDXA element distribution maps for Ca and C, showing angular fragments of
limestone flour, and the development of a calcium carbonate alteration frogela
a patch of portlandite nucleatevithin the hydrated cement matrix. Example EDXA
spectra are also illustrated for: (a) a primary limestone flour particlé)€b)
carbonated reaction fringe around portlandite, and; (c) the relatively udattaesof
the portlandite. . Recorded from a polistieith polished thin section No.3 prepared
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526 100 mm from the vent inlet, and 90 mm ahead of the carbonation front, for Core 1
527 (Figure 2).

528 3.7 XRD analysis

529

530 The concentrations ofystalline phasin each of theores and each of the

531 carbonation zonesavedeterminedTable4).

532

533  Themain crystallingphaseoresent in alsamples was calcif€aCQ) with smaller

534 amounts of aragonit€aCQ), dolomite(CaMg(CQ)>), portlandite(Ca(OH)),

535 gypsum(CaSQ.2H.0) and quart{SiO,) also detected. The vesynall amounts of

536 quartz and dolomite are unlikely to have formed during cement hydration and

537  carbonation, and most probalgpresent impurities in the limestone additive used in
538 the NRVRB Petrographic observatiortonfirmedthe presence dine fragments of

539 crushed quartz and dolomiteimdr reflections weralsotentatively identified for

540 ettringite (CaAl2(SQy)3(OH)12.26H:0, where the main reflection is at ~9.6A) and

541 broad reflection with a-spacing of 7.78A that may indicate the preseof calcium

542  monocarboaluminate (@&l 2(COs)(OH)12.5H20, which has a characteristic

543 diffraction peak at around 7.6A (cf. Lothenbach et al., 2008. calcium

544  monocarboaluminate appears to be present throughout the cores and may represent a
545  reaction product formed with the limestone flour, which woulddresistent with

546  other studies that have previously shown that calcium mamdbhemicarboaluminate
547  (CaAl2(COs)o.5(0OH)13.5.5H0) phases form in hydrated blended cements containing
548 limestone additives (Matschei et al., 2007; Lothenbach et al., 208R)jum

549 hemicarboaluminateas not identified inhe present study on carbonated NRVB.

550 However, its absence is not inconsistent with the observations of Lothenbach et al
551  (op. cit.) who observed that both mono- and hemicarboaluminate formed after 2 to 7
552  days, the monocarboaluminate contiein increased with time, whilst hemicarbonate
553 disappeared after 14 days.

554

555  Other minor weak reflections at ~14 and ~7.1A were also identified that may

556 represent €S-H phasege.g. Biagioni et al., 2015). However, the identity of these
557  phases could not be confirmedb calcium monsulph@aluminatephases wer found

558 in the postexperimental NRVBHowever,Lothenbach et al. (2008) also foutiae
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AFm phases to haweery poor crystallinity,and with variable compositions, making

them difficultto detecby XRD analysis

Table4. Summary of quantitative XRD resultsfor crystalline componentsin

Cores 1, 2 and 3 (normalised to 100%)

c Relative mineral proportions S o
S (wt % normalised to 100%)* Q =
8 E ﬁg c—Lé ,’3 Relationship to
g §‘§ S | B é) petrographically-
O | T2 ) 5 o © | defined carbonation
7T 2| o | 2| 2 £ | £ ® | reaction front
® | 5|88 |f g g & |5t
S| z|8 &|d|8|o| 8 |£8
0.1 | 96.7 0.7 1.9 0.6 yirg)' 0.000| Carbonated zone
0.7 | 966 0.6 1.8 1.0/ Y9 | 0.000| Carbonatedone
Mono. Main carbonation
. 09 |97.2 1.8 1.0 71A 0.000 reaction font
Mono. Relatively unaltered
30.7 | 85.1 | 9.7 4.0 1.2| 7.1 A | 0.042| NRVB distant from
reaction front
Mono. Relatively unaltered
48.8 | 83.8 | 8.9 5.2 2.1/ 7.1 A | 0.056| NRVB distant from
reaction front
Mono.
0.2 91.8 - 0.6 - - 2.4 <O.57 1A 0.000| Carbonated zone
Mono. Main carbonation
0.6 90.8 - 0.6 - - 2.2 0.9 71A 0.000 reaction font
Mono. Matrix immediately
1.2 82.3| 31 <05 18 26 3. 17.1A ]0.021] in front of reaction
3 front
Mono. Relatively unaltered
20.0| 73.2 9 - 5 3.2 - 0.97.1A |0.061| NRVB distant from
reaction front
Mono. Relatively unaltered
448 | 744 | 7.6 - 53 3.1 - 1.17.1 A | 0.065| NRVB distant from
reaction front
2 01| 936| -| 06 -| -| -| <05M"% 10000 Carbonated zone
14.1 A
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566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591

A Mono. Main carbonation
0.5 90.7 0.6| <0.5 2.3 - 0.914.1’& 0.000 reaction font
Mono. Relatively unaltered
0.7 60.2 - 24| 7.7 - 0.8 14.1 A | 0.399| NRVB distant from
reaction front
Mono. Relatively unaltered
21.5| 61.9 - 22.5 4 3.9 <0/514.1 A | 0.363| NRVB distant from
reaction front
Mono. Relatively unaltered
41.5 60 - 234 41 41 0.714.1 A | 0.390| NRVB distant from
reaction front
Notes:

! Normalisation excludes quantification of minor calcium monocarboaluminate and
unidentified 7.1 A and ~14 A phases.
2“Mono.” = calcium monocarboalumirgt“7.1 A” = unidentified phase; “14 A” =

unidentified phase.

Quantification of the absolute compositiohthe NRVB samples by XRD is

problematic. Petrographic observations indicate that there is a significanohtof

C-S-Hand AFm material present in the largely unaltered cement matrix ahead of the

main carbonation front. Thephasesredisorderecr amorphous, and are neasily

detectabldy XRD. Therefore, the quantitative XRD data presented in Table 4 only

represent thérelative’ proportions of the crystalline phases present. This, together

with a large proportionfdhe calcite present representing original limestone flour

additive, means that the extent of carbonation cannot be evasiragg from the

total relative amoustof calcite and aragonite alortdowever, because carbonation

involves the replacement obglandite(as well as €5-H) by calcium carbonate (as

shown by petrographic analysis), the amount of portlandite relative to the total

amount of calcium carbonate (calcite + aragorstejuld provide an indicator of how

deep carbonation has occurred ia grout.

The portlandite : total CaCGQ@atios based on the XRD results is presented in Table 4.

The detection of portlandite is a key marker of regions that are not yet fully

carbonated, and appears to correlate with the radial distance of the samieefro

centre of the venfThe XRD data show that portlandite has completely reacted to

form calcium carbonates within the reaction front and the main carbonated zone

behind this front. The relatively unaltered cement ahead of the main reaotion f
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still contains significant portlandite. However, the portlandite : total Ga@ls
progressivelyncrease with increasing distance fronstinont. This implies that
carbonation has occurred in the cement ahead of the main reaction front (where
complete carbonation has occurred) but that this diminishesngiasingdistance.
This is consigint with the BSEMEDXA petrographic observationshich showed
patchily-distributed secondary fingrained calcium carbonate replacing and
armouring portlandite and C434n the cement matrix ahead of the main reaction

front (see previous discussion in Section 3.6 and illustrated in Figure 10.

Core2 appearedo be anomalous, compared to cores 1 and 3, with respect to the
portlandite content of the relatively unaltered grout. The amount of portlandite
preserved in this core appedo be significantly higher than the other two cores, and
may reflect somedegree of heterogeneity of carbonation withingkperimental

wastedrum.

Aragonite was identified within the uncarbonated material ahead of the raatione
front, but is absent in the main carbonated grout regioragyohite is metastable and
unlikely to have been present in the original limestone flour additive. Therefore, the
aragonite is likely to be a reaction product in the cement, and may provide some
further indication of depth of penetration and reaction of &lt@ad of the main
carbonation frontlt would appear thatf aragonitehadformed initially within the

main carbonated zone, it has subsequently been replaced by calcdalagree of

carbonatioralteration progressed

In terms of the minor mineral phases, quartz and dolomiterasenwithin the
limestoneflour used in the groutGypsum, ettringite and calcium
monocarboaluminatarelikely to be secondary precipitates formed during the
hydration of thecement in thgrout. These minor phases could geherally be
discriminatedduring petrographianalysiSfBSEM-EDXA) because atheirlow
concentrationtheirfine grain size and the intimate mixinfithe hydrated cement
phases. However, discrete coarse crystals of ettringite were obselasgk voids in
the hardened grothat represent air bubbles that were originally entrained in the

cement paste during mixing, and that wareviously occupietby airor water Thee
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was no obvious relationship between the distributions of these minor phases and the

carbonation front.

4. Discussion

UsingLA-ICP-MS, micro-tomography an@EDXA, threedistinctregionswere

identified in eactsample,l) carbonated?) partially carbonatednd 3) uncarbonated.
A carbonation front and a partially carbonated aweeeidentifiedin the partially
carbonated regiorAnalysis byLA-ICP-MS and EDXA showdthat K and Navere
concentrated within the carbonated regions behind the main reaction frorteand t
concentratiorwas greatest in a narrow zone up t@rbhm wide immediatelpehind
where the Ca was concentrateithin the main reaction fronT.he carbonation front
was enriched i and Al, and the formevas depleted from the carbonated regign at
and behindthe main reaction frontMicro-tomography results indicat¢hat the
porosity of the carbonated regiaas lower than in the warbonated regigrdue to
deposition of secondary calcium carbonate within the pore space of the hardened
grout(as confirmed by BSEM/EDXhowever micro-permeametry results shed

that the grotiwas more permeabie the carbonaterkgion Thishigher permeability

may bedue togreater interconnectivity of micfivactures within the pore network.

Similar porosity results to those obtained here have been reported bst Hlills

[1999], who used SEM to identify a porosity reduction of up to 26% in hardened
cemented wasteforms subjected to accelerated carbonation.dia@hd@996] have

also reported increased mechanical strength in carbonated cement wastefocms
they associatediti the precipitation of calcium carbonate products in the specimen
pores, and an increase in density and reduction of the total porosity. The porosity of
the partially carbonated region is similar to that of the uncarbonated region, and
Figures7 and 8show that there is an increase in porosity near to the carbonation

front.

The higher permeabilitgf the carbonated regions when investigdtganicro
permeametry appears at first to contradict the petrographic observatiohg afxd t

ray micratomography esults which indicate that the porosity of the carbonated zone
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659 is reduced in comparison to the unaltered cement. However, thiseriscause the
660 micro-porosity in the carbonated cementrisreinterconnected than in thanaltered

661 cement matrixThe petrographic analysis showed the presence of ffiiecturesin

662 the carbonated region (described as fine shrinkage cracks), andtidsksimicre

663 fractures largelyppeared to beemented by secondary calcium carbonate reaction
664  product,the presence dfane uncemented micibactures may provide a network of
665 higher permeability pathways within the altered cement.

666

667 The LA-ICP-MS results suggest thakali ions are released from the cement

668 component of the NRVB during the hydration of the PC powder, arahiec

669  distributed between the aqueous solutiontiegbrecipitating CS-H phasescf.

670 Lothenbackhet al., 2008]. The results shown here suggest that the carbonation of C-S-
671 H phasesorresponds to enhanced alkali concentrations, evidenced by the higher
672  concentration of Na and K in the carbonated regions of the samples. In their study of
673 the carbonation of PC pastes, Anstital. [2005]reported a decreaseMa and K

674  concentration in the pore solutiertracted frontarbonated samplet uncarbonated
675 material which is the opposite of the results presented here. They postulated that this
676  was due to enhanced binding of alkali metals to the solid products of carbonation,
677  which they stated wamost likelyto be bythe hydrous silica gel formed during

678 decdcification of GS-H. Becausé¢he concentrations dda and K were lower in the
679 immediate vicinity of thearbonatiorfront in thiswork, it may be hypothesised that
680 either 1)C-S-H carbonation is not the main process that occurs in the vicinity of the
681 carlonation front (which would be consistent with the fact that the large additional
682  quantity of Ca(OH) contributed to the NRVB by the slaked lime component of its
683  formulation must also carbonate, compared to the much lower content formed in
684  Portland cement hydration), By that GS-H carbonation is slower in this region.

685 These may be the reasons why thterifacial region at the carbonation frontlins

686  work has a higher porositjqan the carbonated region.

687

688  The results from the Xay micratomography studies warrant further discussiora

689 recent study, Morandeatial. [2014] evaluated the carbonation of pure Portland

690 cementbindersviaa gamma ray attenuation method (GRAM), and also identified a
691 reduction in the total porosity of carbonated specimens; however, they observed

692 densification in the vicinity of the surface wheeglwonation seeadto bemost
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predominant, which differs from the results observed in this study. The discrepancy
between that study and the NRVB results reported here could be associated wi
differences in the chemistry of NRVB and hydraRattland cemeronly as noted
above, leading to differences in the kinetics of carbonation of the reaction products
forming in these binders, or the differences in resolution of GRAvhicro-
tomography, so that the increase in the porosity near the carbonation front could not
be detected by GRAMt has been proposeWi[lain et al., 2007] that under natural
carbonation conditions, the carbonation of portlandite andHCeSeurs

simultaneously, even though from a thermodynamic perspective carbonation of
portlandite prevails over C-S-earbonatiorfGlasser and Matschei, 2007

Morandealet al. [2014] have observed that the initial rates of carbonation of these
phases are comparable, but while carbonation of C-S-H continues fgde&ethe
carbonation of portlandite reduces, possibly tude armouring of the portlandite

discussed earliegnd stops durinthe time of CQ exposure.

Additionally, it was proposed [Morandeatal., 2014] that the carbonation of CF&-

is the main contributor to pore cloggingith the effects depenaly on its Ca/Si ratio,
while dissolution of portlandite via carbonation can increase the porosity to partially
counteract the pore-blocking effects of Ca@@ecipitation. Considering thig is

likely that dissolution of calcium hydroxide, along with carbonatioattfngite and
AFm phases, with a limited extent of decalcification of th8-8 phasescould be

taking place in the vicinity of the carbonation fratigrebyreducing the cipitation

of carbonation product in the pores of this region. This hypothesis is consistent with
the LA-ICP-MS results, where a reduced concentration of alkalkise non-

carbonated cement immediately aheathe carbonation front was observed, where
higher concentrations of alkalis were associated with their potential birodsadjd
carbonation products and the hydrous silica gel forming during decalchaatiC-S-

H in this areaThis observation is consistent with the BSEMI EDXAobservations.

The conditions used to induce carbonattso have a significant impaah how this
phenomenon proceeds, and therefore it is important to consider that the NRVB
evaluated in this study was carbonated under conditions of higip@8&sure, when
compared to the 1-4kPa partial pressure used in most cement/concrete carbonation

tests (with the exception @D0% CQ or supercritical conditions used in occasional
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specialised work). Under those conditions, the carbonation of théel@t8se is

known to prevail over carbonation of calcium hydroXidie Silvaet al, 2009]as a
consequence of the formation of crystalline calcium carbonate on the surfhee of t
calcium hydroxideinhibiting its further dissolutiofHidalgoet al., 2008;Garcia
Gonzalezt al., 2006]. Densification of samples carbonated under highpe€ssures

has been identified, consistent with the theory of pore clogging due to carbonation of
C-S-H as suggested by Morandetal. [2014]. This further supports the hypesis

that in the vicinity of the carbonation front of the NRVB evaluated, dissolution of
portlandite via carbonation to produce calcium carbgorddag with limited
decalcification of ESH, are the main degradation processes taking place in this

region.

In analysing the XRD resuts further, it is relevant to discuss the following points in
more detail There is significant formation of secondary calcium carbobettend the
main reaction front (defined by the extent of phenolphthalein staining as shown in
Table 4, and wthin the maincarbonatedegionbehind the reaction fromearlyall

the portlandite, C-$t andcalcium (sulfo)aluminate hydrapihases are replaced by
calcite. Calcite is the principabrbonate phagwecipitated although amall amount

of aragonite is sometimes present.

This study also demonstrates that the impactdbonation extends well beyond the
apparent limit ofeactionindicated by phenolphthalein staining, and reactie ha
occurred throughout the sample. Evenhe regions furthest from tleentreof the

vent, where phenolphthalein stainisigggestshat cabonation has not taken place,

the XRDand petrographic observations shibzat portlandite and C-S-H have
partially-reacted with C@to produce secondary calcium carbonates. This is reflected
in the portlandite : CaC{J¥atio, which progressively decreases with increasing
distance from the reaction front, and by the presence of portlandite carstaisred

by reaction rims of CaC£n the “relatively unaltered” cement. Ti&RD and
petrographiaesults clearly indicate that the extent of carbonation is underestimated
by phenolphthalein staining. The petrographic observations clearly showed the
growth d secondary calcite within thgartially carbonatedyrout matrix.
Petrographicallyit is possible to differentiate betwethre calcite originally present in

thelimestone flourand thesecondary calcite formddbm the carbonation of other
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phasesandthis supports the observationsade usig XRD. Finally, here appears to
bea distinct relationship between thmount of carbonation aride radial proximity
to the centreof thevent materialclosest to the vent has been carbonated more than

materialfurther away from the vent.

The complete carbonation of the cement phases of the bacéféire in close

proximity to the carbon dioxidis to be expected, since one of the roles of the phases
such agortlandite, calcium silicate hydrate and calcium aluminate hydrate are to
react toreduce the migration dfCQOs.

Of greater importance is that some carbonation occurs throughout the,sample
indicating that migration and reaction of the carbon dioxide is not restricted to the
fully carbonated zone only batso extends deeper into tbement beyond this

reaction frontThis may impact omnderstanding anchodelling the migration and
retardatiorof 14CQ; derived from*“C-bearingwastes in th&DF and the

development of the safety case.

5. Conclusions

The main conclusions resulting from this work are:

e For the high lime and limestone with Portland cement NRVB groutie w
carbonation leads to the formation of a distinct carbonation front, there was clear
evidence of partial carbonation occurring wedlybnd the main reaction front.

e Three distinct regions were identified in the hardened NRVB grouts; carbonated,
partially carbonated and uncarbonated. Within the partially carbonated regi
carbonation front and gartially carbonated zongere discerng.

e K, and to a lesser extent N@ereconcentrated within a-2 mm deep zone in the
carbonated region just behind the main reaction front.

e The area just ahead of the carbonation freetenriched in both S and Al, and S
is depleted from the carbonated er&l behind the main reaction front.

e Within the main carbonated region, virtually all of the hydrated cement phases
(portlandite, calcium silicate hydrate and calcium aluminate hydrese
carbonated and calcite wdge predominant phase. Aragonitasalso formed,
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794 but this appears to be initially formed ahead of the main reaction froniyasnd

795 possibly destabilized, replaced and altered to calcite as more extensive

796 carbonation proceeds.

797 e Some carbonation had occurred throughout the sample. Even mékenial

798 indicated by phenolphthalein solution to be uncarbonated, partial carbonation had
799 occurred.

800 e The porosity of the carbonated grout is lower than in the uncarbonated material

801 due to replacement of pore space with precipitated calcium carbonate. However,
802 the highest porosity was observed in the partially carbonated region.
803
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