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30b56dM0m, mgm®o s 8s30. (LwyH. 2). mOHGgOMmZsbo Moggdo
99009905 4 090M0 5329M0LS S 4 530 539MOLYD.

Dmgo beagolgdEOo MG MYBO™ FoH39G IO, HMI 300l
3560399m gobesggl BydgEo blbsdol godmygbgdams s
52096M900L B5E0oEMO0 JoBs9dS I3MEYIEH M.

3MBLEHONMJ30s  9YOHEBMds 16-239605  36535¢3Mobs
UsdoM33gwl, MmIgwoz  9gEagds M3 HYs30Mm0sbo
2290900l 0sbsdsMo  IFIM03900LYsb s TgI0MmgdMEos

153dgbgdm  blbsMosbo Bo3zghgdo. dJgob fygmdol Low®dgs
Qoobemgdom 33-35 b3, b 5oL Lobdg, GMmBWolysbss
LEHOMIGMOSS 8gddboewo.

3300l {39630 3900l 3mbmlibg (§3085935 s 3069635 J39)
L MOl 5679MAGMR0L sbygEmbo.

L@, 2. 3mB6LHo B30l ©YHO, FgLEHEGdIMEO EOJOHMISEHMO
90 30dM0 s537Hgd00: 8530 © 0gmMO. J30U Fymdado 89060869850b0sbgdgdo.
3%5(900 5 JOHMDbOS.
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2.1. bszmblige353002 dog 059085

bsbdmol 9909y L3oghdol dmgeo Logs®o  dmoblbs;
Lotogol bol dgeol (3mFol) asmEs MAzgwglo BsOBM©IL
30MOBIM0 oMBs. MJoBOL MLIBYdO J30b Fymdsbyg @B
B5359090e0; obobo XVI Low3mbgdo ogm Bslidmeo J3obs s
395bM30L 5639600 Bs3saMmgd0L boboo.

0939gbo  ggob  fgmdolb  LAHONIOHYOs  obyEsg  FIP
000M35M9Md5do 04 ©d bobdsMds 3093 MBOM Adsswsegbs.
Lby6. 2).

J30L §ymdsdo 500608690Mm©s 0MHTs dHBIMYd0, DMy SEYOWSL
30 309gM0 gMmbBos s Ws3Mbgdo. Fodmemgdby Bgwsdommo
0Bomgd0 s (3300PdJd0  o@dmb,  GHMIWIdOS,
15356M5EME, 250mf39Mwo ogm bobdMol EOML  Jo@owo
GI33903GOoms ©> 98y fywol Fogwom 8oggbgdryero
09MdMmo  dmzom.  Fodwmemol  bgpsdo®by  Ldowgbdol
3505906560 g39gbs 0gm sMB9gbowo - 3oMEobBgMo BOHowgdo,
s bobdMol  MmL  F9ddbowo 5By bgro  Focmgdml
99009250 (39350 49630005605 B30EYEAOL LogsMLs s J3gdL
G0l sOLYdME LogMEgdo), I0bsbJMHYObg Bsbs 306 Bmdol
Bgsdomhmwo  dBsMgdo, dmymgxowo  bsfomgdoms o

0103 ¥39000.
1533gbgdm  blbsOby  syowo  3dmbs  ©Y3M3gBosL
(3993005  @b3bowol  3mbBLOLEHIBE0s80) s  BgEsdomol

290539050 0gH 3o dm3zol s 33590l G gAS.

3. 5Bsgro@ozmmo dgmmogdo

3300l bgoslibgs mbgbg dgacmmgos Lbgoalbgs gg@ol,
90M0 ©5 8530 InFodeo s3GHOL 3BMs bodmdo, bsddgbgdem
blbscmob gdzbio 60dmdo s dsmdsdol m®o bodwdo (L. 4).

SOUTH-WEST

SOUTH

NORTH-EAST

E. Adorni / 93630l 39(580329¢m0 bs bragomgbol goyebsero 33 (2013) 2801-2809

6033900L 50gds ©IRJIATOwo oym d3ool Fdgbgdemdol
00 93d30L FoMdmboygbs: 3dgbgdermds (XIV Lsmzmbg) o
901330069000, ox8>MHZ30L 0bEYM396G0s (XVI bomzmby).

dmFodmmo s39Mo s Lsddgbgdem Lbbsto godmozzwogl
393OMYM5830Mw0,  JobgMocrmaom®o s agmdodom®mo
090MmEgoom,  Fobobdmol,  sxmEoLs s LbbaMgdol
oblosmYdgdOL 296LsBEIMOL BoBbom. 33¢rg30L Igmm©gdo

0ym 99090:

- 5Q30WbHY 8530 MLIM300 33003909005 39MIME, BIOMO,

LEAHOMIGHMOS, Tobobdodo -  s3MEOL  MOMOIOJIgIdS,
bgs300mo  s13gd¢Ho,  IIDsIdOL  Bgdbozs o
350MEMQ00.

- 0330399600 306gM0emy0o  J03MML3M300, g3GHIMIOMWO
5 9Mg3wowo bobsmerg (Nikon Eclipse LV100 POL),
000Mmg9o bLobyxol bsdo deogo.

- 9w9dBHOmbmwo Jozmmbzm3ol LzsboMgds (JEOL 6400, Jeol
Ltd., &m30m, 053mb0s) gbgepm-oldghlormo bolggde@o
0036  sbswobo (Oxford Isis 300, Oxford Instruments,
Abingdon, UK) mgd6moo 56 B5HIoMds000  ©ogseme
39300093 JeoxgdBY.

- gbgboemol  X-Ubogol  ogMsdzos  (Philips  PW-1710
©OoRMJBHMIGGM0o, Cu K, Gowosgos, [Philips Analytical Inc.,
Natick, MA]; doxolb %mds: 0.05°; b3sbomgdol Lobdstg:
0.750000; b3sboMgdOL Bgg0do: Step; JI: 1.540562) XPowder Ver.
2004.04.47 Proprogram (PDF2 dmbsgdms dobs).2

- 45856-1399dBH®M3Mm30s (Jobin-Yvon Horiba LabRam Raman
9036 B39JGHOMIYEHMO).

- 930900l s blbaMol i3bgbools doMomaso gugdnb@gdol
Qo 335¢0b 9w9996@gd0L JodomMo sbsgrobo
06009d30MMo©  ©sfy30mgd Mo 3EaBIMNGO  5GHMINGO
980bomo  139gGHEMLIM300m s MTs6-L3gdEHOMLIM3000

WEST

NORTH-WEST
L. 4. 3300l 3300935 Lobx 9Ol 5090l 50Ol JobyEzoo.

NORTH
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(ICP-AES - FUS-ICP 56s¢g00%ol 9900mq0) (8 46 mommgmeo
Lobxob, 8993369096 @ 9gd53U9d9 M6 JOHS).

blbsmgdol  Fobolioomgdmgdo, BMOHOsbmds, oMEzwmgsbo
IMOBMEMY05 ©5 BMds JobolsbzMs Mm3EH03Mo Bswobom,
0BOwool  LEHBEIOHEHOL  JgLsdsdobse  Normal — 12/83.%4
399539090 0/d9933090l  9bsBIMEMIOL  Fgloxgsligdwrs©
35800494969l I3 Mmd0m0 30396 0L Fgz3sLgd0L OsYEMmSTYdO
126, BOMZ56Mmd0L F9Log30LgdES 358m0ygqbgls
2350mbobmagdol (08ox0ob) sbseroBo.

4. 9J13960996¢ o J9Egad0 ©S OLIMLOS
4.1. Psmdemgdol (9976035

230M0Ly s 390l FYmdol sbogrobom  dsbolobrams
d39egbo Fo@dmgdol $Hgdbogzs. s3mMgdol dglfogroom  (bLme.
3A) ©s g30L Fymdob bsffoerols s3mmgdom MglEszmszool MmmU
23960L5BEZMS J30Ls Fgmdol s3900L LobEgds (L. 3B o C).

520960 356L532100MHGdWo BMEOHTOL 5b5c0BTd> S BMYOYPI
QMOby  3mOHO0DMBbGHImo  BsmLbIMwo  Fobabjmol
00dmBgbsd (Le. 5A), bgero Fgmfigm Fo®dmgdobs s sdmfzol
36MHm 39900l AoBLBMZML: 53MM9d0, XIM 300093 393MmA[3s60,
bgwoom 0gMgdms dobsbdo™do, 99dgy shymdbab Mmymeg
B5B3969005 bLime. 6B 5 350mf35300696 g do.

Lo30600v90ms, M3 ©dgwdo  LogzmEol  ™m3EG0dobsgool
30Bbom 9530900 JOHMNTBIN6 sbErmb ogm sfymdowo. g
39059900 EIIVEMMJOME0S 530l Bobgeowrmyommo
sbsemobom, MMIgdsg 9B390s  5M5mMBdIMO  GOMRIMS©O
350mfigo.

23900 530Ls, 3MHOBMBE MO BsHbgdz0L sMLYIMdS (L.
5A) 309900mgdb 085%Y, 0D 19O s F530 5379MJOOL 45Mf3s
bgdm©s §Mm3sbgmBg sfymdom, gOms.

4.2. 53299980

396580300 35135 5oL Fo0oe 3060560 Mobs 19-21 fmbomo%
CaO0 s 47-52 §.% SiO2 (gbGowo 1), ®3060L mdbool
3993390000 <5§mb.%. Jodow®o sbserobols Ggwgagdds 563965
5OLYOOMOE  JOHMYIMMZ9b60 T9oYIbEMds. 3J0M0s6o Mobol
bbgmergddo H3060L mglogdo Fgol 3o owdol s M3obol
LoE0353)gdd0, 530FGH™MI 5MOL ML 3oLGs V0S 35MHEOLRIMO,
6oL 353m3 93069 MoMmEIbMdOL 5059Jgdeol  ©sToEJdOm
306564680 99lodegdgemo 0gm 52wIMHOL EIGsMZ. 2514

Jodonm®  sBowobmeb  ghmi  Bsdods  3sbBob
306965myomemo  bslosmgds.  Bbzbowol  oxMmsdo0m
3o8mgmgbomos 335630,  Ba@Bgbo  30mEo@ol,  sbams

BOHI0OHIOMWo oMm3LOEOL S 3gEgboEOL, SBmGEOEL s
Loboobol 960336gcm3z560 GomEgbmdgdo. gzgws bodwxddo
399m30bs sbs BMHIOOHIOMEO ©oM3boEO,
39gboGols s  bMOGHOEOL  3395¢0.  39eE0GOL TS
58556953 5BHBMLBIOMTo bgds VS  39d3gMs@E Moy,
800°C-bg b9g0mom ms30bxs¢o CaO M95306Mm90L 0obsbmsb s
SiO2-056 sbogro BsBYdOL Fo@dmgdboo: ggamgbo@o, womidbowo
©5  3wopaom3wsbo  (bmMOEBH0GH0).  9gb3gM0dgbEvEds
3300939085 583965, O™ g9mgbo@ol 3HolGoswgdol Fomdmddbs
ofiygds 800°C-bg Mgod3000, HMIgeos fomodammgds CaO, Al20s
95 Si02 -0l 356331900l Bgs30Mwe LsHBP3MYOBY s 900 °C-
96 LGSR JOgds.13:17:2829

sboewo  FoMmImbsgdbol - @om3bool, bmOEHOGHOL @
390960G0L 5OGLYdMBS F0I0MYGOL J58Mf30L (HJB3IMGHOIBY
- ssbamgdom 900-950°C. CD_1, CD_2 s CD_14 60339030

E. Adorni / 93630l 39(580329¢m0 bs bragoomgbol g-96bsero 33 (2013) 2801-2809

39030GHOL  Tomowo  8993390Mds  Boewo  $Hgd3gMadGwIol
3sHgdmb  ghmo  Fgodergds 305603630l 9MI0mBIVSM
390mf35%g,  O®mIgwoi  390mf3gMEos  359MOL B0
BOMINO300m, 56 s3mmOL EoMm3zgdom (Fig. 5B), sb domo
3561353900 3mboEo0m Vdgwdo 393barol dodso.
609m3qd0L FoBHOOEL 043l JoMHOMOO©
90009350Mm3560 FgduBes, MLy sboboomgdl os s
©bYOHMWOo BMOIDO (BMOgooL Bmds: 0,02-4 33), Msdgbodg
9900b3z935d0 306390 [o@Bmdmdolos (3230l
303590l MZsLabGMolom, bmwm  MdgBobo  bsfowo
09050 963 dmdobs, 960 0gdbgds Loombggdols
399mymagol 9999y 08539 BsHBoL WOl EOML, MHMIJos
§omdnddbol  dom.  spmEOL  bbgmedo  dgool 33930l
36M0bGHowgdo, 3ol gMoadgb@gdo,  Fgagzwowo  dogo
306965 gd0, 33530G0L dobgMswgdo, Fe-mgbogdo o Ti-
mgbogdo. BobgMowgdo  bmboMmgdmwo  30m33mBogoolss,
399mf30L 3OHM3gLOL s 3MOMBIEMMO HYod3ool F9gAS©,

o3 bgero 3obgBozol 95839690 9w0s.3

mobols

obobo

4.3. dobs6m980

232160b 609dgdo dga9ds 39Msd030L boffoeoliysh, Mmdgwlss
293L Byz300L Forso 999339wmdol dobsbdmol i39bs (PbO 41-57
§06.%) Mo ggmob - ™9o®O ©s 8530. 0bsbdMmgdoL 4odm3zw930
Bo@ots  gwgdGOmbamo dogmhmbzm3ool gsboMgdoom EDS
0036M3bsc00bom, 0bxmMIs3z00l Fobsmgds domo JodowmGo
(3500 2) s 306965 MY0EHO Toboliosmgdergdols Gglobgd.
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(A) (B)
b@. 5. (A) 9530 0656JG0L Bo30 3907900 Mgome dmIodmem s396HbY. (B) ©MFgewdo EfYMdOO 5390l GHg3mBLEMIE0s Fodmzol EOML..
(-
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alll" 1

E. Adorni / 93630l 39(580329¢m0 bs bragoomgbol g-96bsero 33 (2013) 2801-2809

FU_BSca.le 525 ets Cuaw 0. oaokev

b6. 6. 6odmdo CD _2. dogan 353 d0656do6Bg BBl mbgano 3GobEseMo dglg®o, Hmawgdoa Foddmogdbs gsdmfizol Mml; 8530 dsMEzwgdo dgwagds Si, Ca s Mn (ED
b399dBH60). 530y, 8530 3009630 dogfgdgds MnO-FeO bogOml.

JoM0M0 9eq396¢1900 (mdbogo §rmb.%) @%t?ggggbln@nﬁnﬁ(“)nbo (§0b.ppm) Lv33e193 5349MHdJ0.
bobyxo SiO2 Al2O3  Fe2O3(T) MnO MgO CaO NaxO K20 TiO2 P20s  LOI Total Ba Sr Y Sc Zr v
93960
CD_2 52.59 1233  4.86 0.118 236 1932 091 1.66 0.608 0.19 5.59 100.54 368 588 25 12 151 82
CD_3 47.01 1055  4.31 0.122 2.6 2169 091 1.68 0516 0.28 8.98 98.21 352 672 23 10 139 79
CD_4 51.36 1165 479 0.148  2.43 21.38 1.01 238  0.581 0.41 2.25 98.39 435 750 24 11 144 76
CD_8 48.36 1133 449 0.113  2.23 19.76  0.77 1.82 0555 0.22 10.65 100.30 391 597 24 11 136 88
blbs@o
CD_13 26.11 3.61 2.37 0.151 1.28 36.54 0.32 070 0.150 0.16 29.03 100.42 198 1043 12 5 49 44
CD_18 20.67 3.05 1.76 0.123 1.00 38.61 0.36 058 0.133  0.18 325 98.97 263 1054 12 4 36 42
CD_9 27.01 3.64 2.23 0.168 1.12 35.08 0.22 042 0.153 0.14 29.54 99.72 131 655 13 5 45 53
CD_12  24.00 3.08 1.91 0.144 1.11 36.04 0.28 056 0.130 0.19 30.87 98.31 205 780 12 4 41 58
CD_10 5.30 1.29 0.57 0.021  0.98 34.01 0.23 036  0.060 0.26 11.49 5457 58 1034 2 2 22 17
CD_16 5.97 1.45 0.61 0.021 1.02 35.71 0.18 046  0.067 0.05 9.42 54.96 65 1076 3 2 19 17

$06.% = fimbooo 3GmEmgbGHow; ppm wt = bsfjocro dogombbyg; LOI dgosagh H20 s CO2; T = xs9w6o Fe , Fe2 03 bsboon.

565¢00%ol 8900939 99Mm3wobs, MHMI Mgm® ©s Fo3 FogmMgdl
dbgoglo 999500 9bwmds  oggon: 603MTgdL sggon SiO2-PbO-ol 0039
05655350 MBs 5 oblibzs3wYd0s6 Tbmerm FeO-MnO s6lgdmdom 853
J0dmG30 5 35l SOLGIMBOM - MY 0.

AMGHIIOOL LagHomm Fgd339wmds  553¢gd0s 1 fimb% -bg (Na20 +
K20) , AL2O3 =55b¢. 1% (35605 CD _2), 53 33580d6M900690L ™ yg9es
609mddo  Fodmeol  ©sdBsgdolsl  0ygbgobgb Lo3dsmm  Lwygms
335M30L J308s0. 5.

090M0  FognMo 8093Mm3690Mm©s 3ol S BHY300L  Boswro
3993390md0b Fodmmgdl’: By3zool oMo obobo 803936 oo
©5mbmd00 SnO2. 3LOGIOOGOL 3MOLESWIBL 5o@JdDHIL Fodmfizol
©OMb 65350006 ©0BIdOL  3OMEgbol ol dxMmdILIPPWL©
2901933060 BHEOwOl 8obslibogdws.3!

304m6900b 969Mam ©oldg®lwyero 6){]6(5)?,{]671@061?;3%)36%1)30303'}@0 30360m565¢r0Bob G000 (mb.%).*

6093900 Na2O MgO AlOs SiO2 o} CaO MnO SnO2 FeO PbO

CD_1 B 0 0.40 1.00 34.60 0 2.52 3.80 0 57.48
CD_2 B 0.34 0.90 5.17 33.01 1.41 10.02 420 0 2.80 42.19
CD_3 W 0.61 0.34 0.81 29.40 0 2.40 0 24.30 0 42.14
CD_6 W 0.71 0.36 1.06 27.64 0 2.68 0 21.08 0 44.34
CD_8 W 0.62 0 1.27 28.16 0 1.99 0 21.94 0 46.02
Ch_11 w 0.71 0.38 1.05 30.11 0 2.55 0 21.35 0 43.85
CD13 W 0.95 0 2.07 33.75 0 2.57 0 19.38 0 41.28

2 B3 0BYdYeros 100% -0g0g.
B = 3530 30ogdmeo; W = ogo®o odwndo.
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30um % A L
b@. 7. 6odmdo CD_6. (A) Interface: ®obob bbgoamols ocro@ol ds®E3egddo Bsbl ¢Hyz0s-3serordol obamol 83s@gdol 3GoLEHSo@IBOL BOSs. JobsbdMol dogboom
3900R6935 3505l mglool 3339060 BsbsGmgdo. (B) 3sesl mdlool 3ol gdol 39@ghmygbrmo gobsfowmgds dobsbds@do.

6031390l  565¢woBds  9B396s, ®MI 8o bemds o
30360MLEOMIGHOS JONB0MH0s gyz9ws Mgmeo FodmGobm3zol,
653 9909 gds 608653l [oHImgdol LsgMMM Fgbogol. Joeal
3993390005 995096l  19-24 (jmb.% SnO2, bsx35MHEOMdS
SnO2/PbO 890096l 0.5-0.6 §mb.%.1* SnO2-0b Bg9;339cMds
o056 Foo0os  50BMLagwgm  gldsbgool  msbsdgMmazg
§563mgdgdmsb dgoMgdoom (89-13-14 Lo 319b99d0), Losa SnO:2
999339 mds gehygmdl 6 - 7 §mb.%,> 9a303@0b sSMobogw
0963 g0g0msb 99sMg00m, Losi 3owrsl mJbool 9oy gbl
5-9 §mb6.%* s o@owon®o M36glsblol (3mdom s ©IMHMEHS)
dm3oduman 3960580300056 G9oMgd0m (ssbErmgdom 5.8 {mb.%

Sn02).5
SEM-EDS  5Bscno®ds LG MES  3boGHIMOGOL
360bBOgdol  (SnO2)  MobsdsMo  gobsfommgds, Mo

©5LEYINS M5396 13g]BHOMLIM3000.32

395l mJboL  xgM bLbobIb 335ME0Ls s  BHYz00L
999339 9mdol Bo@H0Esd0; 358mfizol MM ool mdulowo
2390053M0LEHSIOMOS 3969500 296300569
39L0GIM0G . 3°L0BHIMOGOL 3905300LE5gds
5930009090 0gm OMDBY s GH983gMeGMbY. Brmyoghm
609dmddo CD_3 s CD_13 §90@0wm35685 SEM 9036mabocrobds
3990530bs 5M59MHMY35MM369ds SnO2-0b 4obsfoergdsdo.

39NM0YHo  Tobslosmgdwgdol  Jgbfagws s 0l
396009Mgd0L 00YbEH0R0E0MIDs, HMIWIdOE 9339 SOLYOMI.
300306 399690mdoLsL,  [Fo@mBmdmdl  303mmgboll  OHMI
3990ggbgdme 30l 9m03m396bgb 3983005 BsM0OE0dsL
(BH™ML3IIBS) FoMMYPO0ID, 35MT5E6 SO Olg FmEL.3

Soowm ’ AT

20um " B

3853 3094969030 ¢Y300L Fomoo d99(3390mdss. Boobgdol
6009890L 5§30 2oblbzszgdmwo Fgdsygbermds (gbMowo 2):
CD_2 54gb 630b60b ©s GNBg 3mI3mbgb@gdol  dsmswo
899339mds (FeO 2.8 §mb%), Gmdwgdog 56 s@ol CD_1-8o.
056569930L 899(339™ds (MnO sobn. 4.0 j6.%) gOnbso®os
06039 603330 Mog Fod®l dmygegzobgmm 8oz gL 560 Fgdl.343>
SEM-EDS 565¢00%0s 0503065, doerosb mbgwo 3Gob@swmmeo
dgLgMgdo  sOLYDMBL  (PoblogMOIBO  49Mg  300gLH),
OmIgdog 89039396 290mf30L  T9gRe©0  BMOIoMIdE
Y3050, Mn, Fe, o Si, s 853 85633 gdL dgc0a9bowl Si, Ca s
Mn-olgsb  (Fig. 6). 0030mboewoHds s  doghmlizmdmends
390339350  9h3gbs, GMI o3 Fodm@gddo oM oym
25059 Jgdgo.

4.4. 39650030b ©s Fog960b Tgbgdol Bys3oto (0bBgHRg0lo)

350mfigob  @OML  FodmObs ©s mobol Lbgmwlb  dmeob
MOD0YOMIIggds  FoMdmddbol  0bGHgPxgolbol  ggbsl,
MHmdgeog 9FoOm 353006305 ®obol  3Ho3msb, godmfizol
H993gMoFGHMOLS @  @OMLmE.IE 39Bdm,  d8Go
3500m3h356  Lbgmagddo olbgmo  gwgdgh@gdo, OH®MAMGOOEss
sqydobo, H306s, 39¢0mdo, 3¢ E0wdo s Fsabowmdo mobowsb
30gdm6mdo oxnboomEgds s Gomo 3mbiEgbGEMssos Fodm®do

0bM©Ydo, 3500 30b-3y300L-5¢0gdobols  LoEogs@gool
360bGHsgdo §o6mdmogdbgds bbgmaro/ d0bsbgMols
063¢96890L%bY, o3 ILEHWOEIdS 439w 565 0BomgdEm

40pm ' B

by, 8. 30bsbgMmob s 0bGIOBgoLOL MOL bolbdy. (A) 6odmdo CD _6, Mgogiosdo 9glizgangaro 335030l 3M0LEYd0 ©s 35¢0w)dob-GYz00L-5¢vydobols bowo@s3gdol
§o36dgangdeeo 3oL gdo BBl 06EIORIoLBY. (B) bodrmdo CD_2, 3s8356G:0mgdweo 0b@ghagolo Bsbdocmol bafjowszgdom, 8569630l @omdboom ©s Fe-

mgboob 335¢00m.
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1 B

by®. 9. FodMOol ©sBosbgds: (A) B33Mswo BI30MOL 3sMswgumo 6odndbg CD_6; (B) bodmdo CD_4, d0bsbyMol ©@sHosbgds @sdmfzol O™, ©o©o

5M59M03350M3560 G0AIoL BdFdo s dbIGYBO.
609dmddo (Lm®. 6 s 7A). 0bBHIOBIoLBY 360Bz6gMzbs omoos
396300560905 HMEgLsE JobsbIMmol Lb3gbBos 3s8moygbgds gsdmeyzsg
Ubgmanby.? 600999030 3o05b 3M0bGEsgdo
39890M96ws 5M0L gobsfiowrgdmwmo, Gog d033560d690L dobsbdmols
§omIngdol  @odmfgol  goMgdg B00obsMmgmdsby, b  3M935Ms300L
G5B $9d6035Bg! (b®. 7B).

59 300LGoEgd0L IMORMEMYOEOTS 5b50BTs s 00 Bogd@ds, MHmI
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H.E. Ms Tea Katukia

Ambassador Extraordinary and
Plenipotentiary of Georgia to
France

Permanent Delegate of Georgia to
UNESCO

UNESCO House

Ref: CLT/WHC/EUR/20/12998 7 December 2020

Subject: State of conservation of the World Heritage property
‘Gelati Monastery’

Dear Ambassador,

| have the pleasure to transmit herewith the ICOMOS Technical Review on the
temporary scaffolding and roofing project at the Church of the Virgin, as part of
the World Heritage property ‘Gelati Monastery’.

Please kindly be informed that ICOMOS concludes to construct the scaffolding
with temporary roofing, covering not only the areas of the damaged roofing but
the entire roof of the Church of the Virgin (perhaps with the exception of the
dome) to prevent the further penetration of rainwater or humidity during the
coming winter, and that temporary cover should be constructed in a way that
allows the implementation of assessment work to identify the sources of water
penetration and any additional damage to the roofing caused by the destruction
of the tiles, and defects in the gutter construction in the joints between the stone
walls and the roofing.

Furthermore, ICOMOS recommends formulating a comprehensive Conservation
Management Plan divided into different implementation phases and followed by a
combined action plan, to be submitted upon the finalisation to the World Heritage
Centre and Advisory Bodies for review, in compliance with Paragraph 172 of the
Operational Guidelines.

Finally, ICOMOS considers that the proposed “Hazards Mitigation Short-Term
Action Plan” adequately responds to the requirements of the immediate rescue
operations, as well as to the preconditions for the study of a Conservation
Management Plan for the Church of the Virgin. Therefore, it is advised that the
State Party can proceed to fulfil the recommendations and actions following the
framework of the proposed Short-Term Action Plan, in order to continue
elaborating the proposed Conservation Management Plan.

We would appreciate if you would share the enclosed ICOMOS Technical Review
(see Annex) with your relevant authorities for their consideration and keep the
World Heritage Centre informed of ways by which these recommendations are
being taken into account.



0.
Thanking you for your continuous collaboration and support in
implementation of the World Heritage Convention, | remain,

Yours sincerely,

H_ Kost

Mechtild Rossler
Director

Enc.

cc:  Georgian National Commission for UNESCO
National Focal Point for World Heritage
ICOMOS

the



Annex
ICOMOS Technical Review on the state of conservation of the Church
of the Virgin as part of the Word Heritage property ‘Gelati Monastery’



ICOMOS Technical Review

Property Gelati Monastery

State Party Georgia

Property ID 710

Date of inscription 1994

Criteria (iv)

Project Information report on the state of conservation of the Church of the Virgin

and scaffolding and temporary roofing project

Background

On 8 September 2020, the World Heritage Centre transmitted to ICOMOS information submitted by
the State Party on the state of conservation of the Church of the Virgin in Gelati Monastery World
Heritage property, comprising a letter with two annexes: an information report on the state of
conservation of the Church of the Virgin, and the implemented project documentation for the
temporary scaffolding and roofing of the Church of the Virgin.

The monastery complex in 2015.

The conservation-restoration works on the Church of the Virgin inter alia considered the replacement
of previous metal roofing with handmade glazed ceramic tiles produced using traditional technology
based on the archaeological findings.

While the entirety of the works on the new roofing had been successfully completed by the end of
2019, at the end of February 2020 there were confirmed problems regarding the arrangement of the
roofing and the breaking or damage to part of the glazed ceramic tiles, and signs of water infiltration
on the west arm of the Church of the Virgin.

Roofing arrangement

Issues with the roofing arrangement are identified on the chapels, porches, narthex, and the altar of
the church, consisting of full and partial loss of roofing tiles, while on the joints between the tiles, loss,
cracks, and loss of adhesion are observed.

On-site assessment revealed that the batch of the glazed tiles used (produced with white ceramic) are
of low quality and are not suitable for roofing with lime mortar.



Stone conservation
On the fillings made during the stone conservation, stone colour alteration (assumedly due to
moisture) and loss of cohesion and adhesion are observed.

Interior wall-paintings condition

Salt efflorescence has been detected as the main cause of deterioration, which is related to water
infiltration through damaged roofs and the environmental conditions of the interior. Salt crystallization
cycles have caused problems with the cohesion and adhesion of paint and plaster layers, loss of repair
materials applied during previous interventions in the 20th century and loss of small wall painting
fragment pieces from the original technology. Bioactivity has also been observed.

The phenomena have been detected in various places, however, the most critical issues are found on
the church’s west arm vault.

The regular monitoring carried out by the National Agency’s specialists, and interviews with the
monastery representatives, did not reveal the damage to the mosaic and/or the loss of any of its
fragments.

Analysis

The following comments arise from ICOMOS’ study of the “Temporary Roofing and Scaffolding Design
for Gelati Main Church (Church of Virgin)” project, as well as from the evaluation of the situation,
taking into consideration the assessments and recommendations of the previous ICOMOS Advisory
missions.

Remark 1 — Building blocks:

The report of the last mission to the monument (joint ICOMOS/World Bank Advisory mission, 21-25
January 2015) underlined the main problems the Church of the Virgin was facing in terms of the
condition of the roof, and that special attention should be paid to the condition of the building stone
blocks of the monument.

“The stone has been significantly damaged for various reasons: mechanical, seismic actions,
atmospheric downfall, seasonal temperature alterations and biological factors (lichens). The eaves
stones are in the poorest condition (fig.11).

It is known that throughout history the building has been affected by earthquakes as well as man-made
interventions. These traces are clearly visible on the body of the church and are marked on the
measured drawings (fig.12). The connections of the secondary volumes with the main structure of the
church have been weakened and the weathering of the facing masonry is evident (fig.13). However the
most significant impact on the building has been caused by rain and wind (fig.14)” (page 6 of the 2015
mission report).

“Within the framework of the survey project, information is included related to the kind of damage of
each stone of the masonry face of the main church and its location height. This documentation vividly
shows that a significant number of stones are damaged by atmospheric downfall (Fig.12)” (page 8 of
the 2015 mission report).

The report pointed out that special attention should be paid to the places where the roofs meet the
vertical surfaces of the walls. The report focused especially on the western part of the cross and on its
southern and northern sides - that is, exactly where the most serious problems of moisture inflow from
the roofing system and from the open joints between the ashlar stones have recently appeared:
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Detail of the upper western part — view from south (Fig.11 of the 2015 mission report).
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Disconnection between the blocks of a wall [west wing-north side] and alteration of the structural behaviour
(Fig.58 of the 2015 mission report).



Remark 2 — Glazed roof tiles:
The report of the 2015 joint ICOMOS/World Bank Advisory mission notes that:

“The experience of the traditional coloring composition, the layer-applying technique, and the old firing
technology were obtained after long-term research and experimental work: a) the palette of colors,
implying for each tile not only one color, but a whole range of colors achieved by means of natural
pigments with iron and other admixtures (fig.88), and b) greater transparency of the colors,
distinguishing the Georgian glazing technique from the Asian one [...] The method (with green-tone
glazed tiles) was first applied to replace the tin roofing of the two-storey St. Nicolas church (fig.89), in
front of the Cathedral, and after that to the roofing of the side bell tower (fig.90), and that of St. George
church (fig.91) - with excellent results” (page 15 of the 2015 mission report).

“The ICOMOS representative [...] visited the private clay atelier producing the glazed tiles, where he
was informed in detail about the procedure (fig.93, fig.94, fig.95, fig.96, fig.97, fig.98)” (page 46 of the
2015 mission report).

3 Q ' h, & - i \ 3 X
Pictures from the process of production of the glazed tiles for the restoration of the church roofing (Figs. 88 and
95 of the 2015 mission report)



It should be noted that no issues have been reported to date concerning the subsequent covering of
the dome of the Church of the Virgin with the same quality glazed tiles with red ceramics.

ICOMOS notes that in the information report on the state of conservation of the Church of the Virgin
there is no explanation as to why the layer of the first batch of glazed tiles with red ceramics, which
had been proven to function well and could be efficiently applied with lime mortar, was not continued
to be applied. No mention is made regarding the reasons that dictated the change to white ceramic
new tiles, nor regarding the specifications on the basis of which the second batch of white ceramic
tiles was selected and approved by the Georgian Arts & Culture Centre, the contractor organization
working on the roof of the World Heritage property.

Furthermore, ICOMOS notes that in a news article published in July 2020, it was reported that the
Georgian Arts & Culture Centre said that the damage to tiling was "’impossible to predict’ as none of
the [white ceramic] tiles later revealed to have failed had shown signs of visual defects during
inspection after they were produced, and had undergone laboratory testing on ‘mechanical
characteristics’ before being used in the rehabilitation works”.! Just after the damage to the roofs
appeared in 2020, “on-site assessment revealed that these glazed ceramic tiles are of low quality and
are not suitable for roofing with lime mortar” (page 2 of the information report).

Additionally, ICOMOS notes that the kind of specifications and the methodology of the analysis under
which the white ceramic glazed tiles were tested for their strength and shape before being used are
not mentioned anywhere in the information report on the state of conservation of the Church of the
Virgin. Likewise, new tile pieces are being prepared to replace the current ones. The new contractor
for the repair of the roof is called to check the durability of the new replacement tile and its
compatibility with lime mortar; however, there is no indication of the new specifications they must
meet in order to avoid future failures: “[...] first of all, it is necessary to carry out a laboratory test of
the new, replacing tile and obtain an expert opinion on its durability and the possibility of arranging it
on a lime mortar solution” (page 4 of the project documentation).

Suggested recommendations

Suggested recommendation 1:

As an indication of the methodology and care with which the reconstruction of damaged original glazed
tiles should be treated, ICOMOS would suggest the experience of the Parma Cathedral in Italy, for
which an exemplary analysis of the production techniques of medieval glazed tiles was elaborated
(attached to this Technical Review).

A similar analysis could help formulate the specifications that must be met by the new produced glazed
tiles and the mortars in order to avoid future failures.

Suggested recommendation 2:

If it turns out that the applied white ceramic tiles do not meet the specifications, then the whole batch
of these tiles should be changed (i.e. removed from all surfaces) regardless of whether the tiles have
been already damaged or not, because it is very likely that the rest of these tiles will cause similar
problems in the future. The total replacement of the tiles with white ceramics is not clearly foreseen
by the project, which makes it unclear whether the tiles would be changed throughout or only in the
places where they are damaged:

1‘Only 16 percent of Gelati monument roof damaged, says cultural heritage agency head’, Agenda.ge, 25 July
2020.



- “Considering the severity of damage, complete replacement of the tile made of white ceramics
(preferably with tiles made of red ceramics which have already been tested and used on the
upper parts of the Church)” (page 4 of the project documentation);

- “[...)arrange temporary roofing on the sections of the roofing where the tiles are damaged, as
well as on the western arm (completely), in order to prevent further infiltration of water” (page
3 of the project documentation);

- “[...)replacement of tile coating should be initiated in stages (damaged tiles should be removed
in such a way that the works do not cause vibration and in case of drilling, it is inadmissible to
use the so-called perforator mode)” (page 4 of the project documentation).

Suggested recommendation 3:

It is unclear why no stainless-steel nails were used for the general fixing of the tiles, but rather common
rusty iron nails. The need to change to stainless-steel nails therefore constitutes an additional reason
for removing and re-fixing the entire roof covering with tiles: “Replacement of rusted tile securing nails
with noncorrosive nails” (page 4 of the project documentation).

Suggested recommendation 4:

During the construction of the joints at the edges of the roof that connect to the walls of the church,
it would have been advantageous to have implemented special measures to prevent the inflow of
water through these dangerous areas. Possible ways to address the problem include flashings. Flashing
a roof refers to the act of installing various waterproof materials in valleys, joints, edges, roof
penetrations and any other gaps to prevent water damage or leaks. This form of protection is a
necessary construction practice, and it is widely applied.

Possible ways of addressing this issue are the following:

e As the tiles are impossible to cut precisely, it would have been beneficial to produce special
pieces of ceramic tiles to form a "gutter" in a way that collects rainwater. Taking into account
that the general roof covering required 7 kinds of main tiles and 6 additional different elements
(e.g. antefixes for the edges of the tile rows; special pieces where the tile rows open and
double in size, etc.), the production of an extra element for the purpose described could be
considered.

e Flashings are metal sheets that are cut to size to fit along the edges of the roof. They are usually
drawn under the structure of the roof, preventing any water from getting in. More
importantly, flashings stop condensation because they are watertight. This means that they
remove the moisture problem. In this case, the seal must be right because water tends to
accumulate between different layers of roofing materials.

Once flashings are installed, an additional layer of caulk is applied to seal the slightest holes.
Most water damage to the roof occurs due to minuscule holes that remain after the flashing is
installed. That is why caulking the roof is an essential step to close all the gaps.

Metal flashings are by far the most reliable kind. The metals used are aluminium, copper
stainless steel, and lead. Copper flashings are the most popular, but the choice of metal
depends on the type of roofing material.

In the case of the green tiles of the Church of the Virgin, a good-quality lead flashing can last
longer and is virtually impossible to damage, due to lead’s properties as one of the strongest
metals used for roofing purposes. Additionally, it has immense durability — up to 500 years. It
would be fixed with stainless steel nails via hard plastic washers to the building ashlars.



Wall-paintings in the interior of the Church of the Virgin

Existing condition:

e A certain amount of fallen fragments of plastering with original paintings was observed on the
platforms of the scaffolding arranged in the west arm of the Church of the Virgin.

e Analysis of the condition of the wall paintings in the Church of the Virgin, St. George Church
and the Southern Porch was carried out; condition phenomena have been identified,
documented and categorized according to:

- Areas that have been historically damaged/deteriorated;

- Newly damaged/deteriorated areas (occurred after roof rehabilitation).
Apart from this, the rate and distribution of detrimental change has been determined in order
to establish whether deterioration is active or not.

e According to the condition assessment of the facades and interior, a possible correlation
between those two has been identified.

Church of the Virgin: Barrel-vaulted western cr.b'ss arm (frém fhe Report of the joint World Heritage Centre
/ICOMOS/ICCROM Advisory Mission to Bagrati cathedral and Gelati monastery, March 2010)

Suggested recommendations concerning the current state of the murals

Suggested recommendation 5:

The necessary time must be ensured to allow the phenomena of moisture and the formation of salts
to be relieved mainly by themselves, in a natural way. The abrupt drying of the murals can cause them
"shock", as a result of which salts could remain inside the pigment or create peeling conditions.

Suggested recommendation 6:

The process of moisture release can be "facilitated" by careful and periodic removal of salts from the
surface of the murals, by mechanical methods. However, great care must be taken so that during these
rescue operations no damage and peeling of the original material of the frescoes (either the pigment
or the substrate) occurs, as it may have lost its original cohesive ability. That is why salt reduction
should be probably combined accordingly with local consolidation of the wall-paintings by appropriate
compresses with Japanese tissue paper.




Suggested recommendation 7:

e Implement long-term condition monitoring of the wall paintings in the whole monastery
complex.

e Make an accurate diagnosis of the causes of their deterioration and an indication as to whether
old hotbeds have been reactivated or new ones created, as well as the reasons for their
creation (e.g. defects in the roof covering, cracks on the ashlars, open joints between the wall
surfaces and the domes or between the wall surfaces and the roof construction, etc.).

e Draw up a detailed plan for the treatment of the phenomenon.

Suggested recommendation 8:
The wall-painting diagnosis, immediate rescue operations, and conservation and restoration work
should be performed by a specialized group of mural conservators.

Suggested recommendation 9:

It is absolutely necessary throughout the wall-painting conservation and restoration work that the
respective external wall surfaces of the church remain completely dry and unaffected by rain (both
from vertical and lateral incidences), or by any possible incoming moisture from the roof.

Suggested recommendation 10:

All of the above lead to the conclusion that it is necessary to cover the entire external surface of the
church roof (except perhaps the dome) with protective temporary roofing and scaffolding until the
above-mentioned works on the roof and on the wall-paintings in the interior of the church are finished.
This is also supported by the following remark in the project text: “However, as the condition of roofing
has not yet been thoroughly inspected due to lack of scaffolding, the categories of works to be
performed through the scaffolds specified in the design have not been determined” (page 3 of the
project documentation).

Conclusions
As a result of its analysis as set out above, ICOMOS presents the following advice to the State Party:

1) As a matter of emergency, ICOMOS advises to complete the construction of the scaffolding
with temporary roofing, covering not only the areas of the damaged roofing but the entire roof
of the Church of the Virgin (perhaps with the exception of the dome) in such a way as to
prevent in any way the further penetration of rainwater or humidity during the coming winter.

2) The temporary cover should be constructed in a way that allows the implementation of
assessment work to identify the sources of water penetration and any additional damage to
the roofing caused by the destruction of the tiles, and defects in the gutter construction in the
joints between the stone walls and the roofing, etc., as well as the finishing of relevant studies
and lab testing. The temporary cover should also be able to protect the frescoes inside the
church from any possible incoming moisture.

3) The works proposed above should formulate the basic components of a comprehensive
Conservation Management Plan that would address issues that can be categorized into three
broad groups:

- the covering of the Church of the Virgin;
- the condition of the ashlars of the masonry of the Church of the Virgin;
- the state of conservation of the frescoes inside the Church of the Virgin.



The Conservation Management Plan, after analysing the existing conditions and identifying the
causes of the problems, should suggest the proposed methodology for addressing each group
of issues. The Conservation Management Plan could be divided into different implementation
phases (for each one of the components or for some of the proposed actions addressed to
them) following a combined action plan. Upon completion, the Conservation Management
Plan should be submitted to the World Heritage Centre and the Advisory Bodies for review
before any action is taken, in conformity with Paragraph 172 of the Operational Guidelines.

4) 1COMOS considers that the proposed “Hazards Mitigation Short-Term Action Plan” adequately
responds to the requirements of the immediate rescue operations, as well as to the
preconditions for the study of a Conservation Management Plan for the Church of the Virgin.
Therefore, it is advised that the State Party can proceed to fulfil the recommendations and
actions following the framework of the proposed Short-Term Action Plan, in order to continue
elaborating the proposed Conservation Management Plan.

ICOMOS remains at the disposal of the State Party for further clarification on the above or assistance
as required.

ICOMOS, Charenton-le-Pont
December 2020

Annexe: “The steeple spire of the Parma Cathedral: An analysis of the glazed bricks and mortars”, in:
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Abstract

In October 20009, a terrible lightning struck the steeple spire of the Parma Cathedral, causing a fire. The fire-fighting operation made possible the
discovery of the original spire ceiling made up by dichromatic glazed bricks, white and black, dating from the 14th century. Original materials
presented a relevant decay, both for the high temperatures reached during the fire and for lack of maintenance. The research presents the first study
of glazed bricks of the 14th century in Po Valley (Italy) with the purpose of collect chemical, mineralogical and petrographic data on the dichromatic
glazed bricks. Brick samples with different kind of glazes and mortars exposed at different condition of fire were analyzed. The following techniques
were used in the study: X-ray powder diffraction, optical microscopy, scanning electron microscopy analysis, inductively coupled plasma atomic
emission spectroscopy and Raman spectroscopy. Glazes, applied on to Ca-rich paste, have a high lead content (41-57 wt%), with an high amount
of tin (19-24 wt%) for the white opacified glazes and manganese (about 4.0 wt%) for the black ones. Typological and historical analysis allowed

us to define the production technique of bricks and glazes. Mortars are mainly composed of lime binder and carbonate aggregate.

© 2013 Elsevier Ltd. All rights reserved.

Keywords: Glaze; Brick; Mortar; SEM-EDS; ICP-AES

1. Introduction

In October 2009, a lightning struck the spire of the Parma
Cathedral (Fig. 1). Following the fire-fighting operation was pos-
sible to discover the original roof of the conical spire, built in the
14th century with rounded profile brick elements with white and
black glazes (Fig. 2). The precious dichromate roof was covered
at the end of 16th century.

In literature, the glazing technique of the Asian, Syrian and
Egyptian areas was studied extensively: early Islamic,-> pre-
Islamic® and both.* Several studies have been performed on
glazed ceramics from Spain and Portugal >~

A detailed description of the history and production tech-
niques of glazing can be found in literature.>!'%-!2 In particular,
some studies analyze high lead glazes and alkali-lead glazes,”
tin-opacifier glazes,*? coloring,®!>!3 methods of glaze appli-
cation, directly over the air-dried ceramic body or after a first

* Tel.: +39 0521 905961.
E-mail address: elisa.adorni @unipr.it

0955-2219/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.04.019

firing (biscuit-fired bodies)? and the interaction between glazes
and the ceramic body.>>

In Italy most of studies have been performed on glazed pottery
of the central regions,'* e.g. Gubbio and Orvieto,'> Siena,'® no
studies have been done on glazed bricks in the Po valley.

The literature also reports a series of studies to define the
firing temperature of ceramics, especially in archeology: min-
eralogical, textural and chemical transformation of clay-rich
materials during firing.!’~1?

The study presents the first original study of 14th cen-
tury glazed bricks in Po Valley, North Italy. From the original
masonry a number of samples were collected, glazed bricks and
mortars, to characterize the original materials of the cover of
the ancient spire of the Parma Cathedral by determining the
production technique through a mineralogical, petrographic and
chemical analysis of bricks and glazes. In particular, the firing
process was defined by means of the study of the shape of the
bricks and the discovery of some defects of glazing.

14th century and 16th century mortars of the spire were also
characterized to define the provenance of the materials and the
original recipes.


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jeurceramsoc.2013.04.019&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2013.04.019
mailto:elisa.adorni@unipr.it
dx.doi.org/10.1016/j.jeurceramsoc.2013.04.019

2802 E. Adorni / Journal of the European Ceramic Society 33 (2013) 2801-2809

Fig. 1. Panoramic view of the Cathedral of Parma before the fire. The spire still
had the copper covering, now removed.

2. Historical note

The Cathedral of Parma was edified starting from 1050 on
the site of an early Christian cathedral, which dates back to the
fifth century.

The edifice was built following a unique compositional
scheme with three naves completed by apses, a protruding
transept and a crypt, in agreement with the tradition of the
Romanesque churches in the Po area.

Fig. 2. Particular of the conic spire, realized with dichromatic glazed bricks:
white and black. The masonry shows deterioration, cracks and erosion of the
bricks.

(B)

Fig. 3. (A) Dimensions and shape of the bricks. (B) and (C) Overlapping model
of the bricks.

The building of the bell tower began in 1284, when the tower
of the ancient cathedral was demolished. In 1291 the edifice was
progressed to the height of the castle of the bells.

Documents attest that the whole mural-architectonic parts
of the tower were already ended in 1294.2° According to the
Chronicle by Salimbene De Adam,?” the conical spire was built
after 1336 and before the 15th century.

The model of the conic spire, realized with curved radial
bricks (Fig. 2), was common in the Po Valley since the 13th
century: see the bell tower of the Cathedral of Piacenza and
the San Donnino Basilica in Fidenza, Parma. Other more recent
examples are the majolica spires in Sicily, documented since
1579 for the construction of the spire of S. Giacomo in Collesano
(Palermo), now collapsed.21

In Parma the primitive glazed brick masonry of the spire
endures to the end of the 16th century when, because of the
materials deterioration, spire was covered with a copper roofing.
The project, by Giorgio Edoari da Erba, was executed in 1596.

Since the end of the 16th century to the recent fire the original
covering was not visible.

The dichromatic brick decoration remained occulted for
centuries.??

The conic spire, 15 m high, was realized in masonry with
trapeze-shaped quoins, which have a curved external profile dis-
posed in alternated courses (Fig. 3). The external part of bricks
is covered by a dichromatic glaze, white and black (Fig. 2). The
bicolor courses consist of 4 rows of white bricks and 4 of blacks.

Some cuneiform bricks are more tapered to close the circum-
ference of the spire without an excessive amount of mortar and
to correct the radial position of the bricks.

The structure leans on a polygonal basement with 16 sides,
composed by regular courses of bricks which have smooth sur-
face and reduced mortar joints. The masonry is about 33-35 cm
thick, i.e. the depth of the bricks which constitute the structure.

At the top of the spire a cone of stones (arenaceous stone and
Vicenza stone) supports a golden anemograph angel.
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2.1. Conservation state

After the fire, the whole copper cover was removed; except a
wooden beam of the basement, nothing of the ancient frame was
left. Iron nails remained linked to masonry; they were inserted
in the 16th century as anchorage for the cover to the masonry.

The ancient masonry structure was in poor state of preser-
vation and, thus, the fire worsened an already advanced
deterioration (Fig. 2).

The masonry showed deep fractures and some areas presented
deep erosions and lacunas. Glazes showed superficial cracks and
alterations which were probably due to the high temperature
reached during the fire and by the following thermal shock pro-
duced by the water used to extinguish it. Glazes have portions
of copper (from the cover) recast on the surface, pink shades are
present on the surface, probably due to a reducing environment
during the fire (the fire burn up in the space between the copper
covering and the masonry), the glazes show small surface cracks
with detached parts and swellings.

Mortar was affected by decohesion (powder consistency) and
blackening on the surface caused by the thermal shock and the
smoke.

3. Analytical methods
Nine samples of glazed bricks of different colors, white and

black, six samples of mortars and two sample of plaster were
collected at different level from the steeple spire (Fig. 4).

NORTH-EAST

Sampling was planned in order to represent the two construc-
tion phases of the spire: the building (14th century) and the later
intervention of covering (16th century).

Glazed bricks and mortars were investigated by petrographic,
mineralogical and geochemical methods with the aim of defining
glaze, brick and mortar characteristics. The methods of investi-
gation were:

- In situ macroscopic observations; in particular, color, struc-
ture, glaze-brick interaction, surface aspect, manufacturing
techniques, and pathology.

- Optical mineralogical microscopy, transmitted and reflected
light (Nikon Eclipse LV100 POL), three thin sections for each
sample.

- Scanning electron microscopy (JEOL 6400, Jeol Ltd., Tokyo,
Japan) and energy-dispersive system microanalysis (Oxford
Isis 300, Oxford Instruments, Abingdon, UK) on polished thin
section, gold or carbon coated.

- X-ray powder diffraction (Philips PW-1710 diffractometer, Cu
K, radiation, [Philips Analytical Inc., Natick, MA]; Step Size:
0.05°.; Scan Rate: 0.750000; Scan Mode: Step; A: 1.540562)
with XPowder Ver. 2004.04.47 Pro program (PDF2 data
base).23

- Raman spectroscopy (Jobin-Yvon Horiba LabRam Raman
micro-spectrometer).

- Chemical analysis of major and trace elements by Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES —
FUS-ICP analysis method) of the bricks and mortar powder
(8 g each sample, binder and aggregate together).

NORTH NORTH-WEST

Fig. 4. Survey of the spire with sampling location.
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(A)

(B)

Fig. 5. (A) Black drops of black glaze over some white glazed bricks. (B) Reconstruction of the stacked bricks in the kiln during firing.

Mortars characteristics, porosity, grain morphology and size,
have been determined using optical analysis, according to
the Italian Standard Normal 12/83.2* To estimate the aggre-
gate/binder ratio, the Volume % estimation diagrams was
used?>2%; image analysis was used to evaluate the porosity.?”

4. Experimental results and discussion
4.1. Production technique

The bricks and masonry analyses allowed defining the
ancient production techniques. Through the survey of the bricks
(Fig. 3A) and removing part of the masonry during the restora-
tion works, the assembly system of the masonry has been defined
(Figs. 3B and C).

The analysis of the characteristic shape of the bricks and the
discovery of horizontal glaze casting over some bricks (Fig. 5A),
helped to define the production and firing processes: the bricks,
still uncooked, were immersed manually in the glaze, stacked as
shown in Fig. 6B and fired in the kiln.

Is presumable that, to optimize the available space in the kiln,
the bricks were stacked close to each other. These suppositions
have been confirmed by mineralogical analysis of the bricks that
show an uneven single-firing.

Furthermore, the presence of horizontal sagging (Fig. 5A)
indicate that the white and black bricks were fired together,
stacked on each other.

4.2. Bricks

The ceramic paste is a highly calcareous clay, 19-21 wt%
CaO and 47-52 wt% SiO, (Table 1), with an iron oxide contents
lower than 5wt%. The chemical results show a substantially
homogeneous composition. In the calcareous clay bodies the
iron oxides are incorporated into calcium iron silicates, for this
reason the brick paste has a pale pink color, allowing a minor
quantity of opacifier into the glaze to cover the brick.>>14

Together with the chemical analysis, a mineralogical charac-
terization of the paste was carried out. Powder diffractions reveal
significant amounts of quartz, residual calcite, neo-formed diop-
side and gehlenite, anorthite and sanidine in trace. Trace of
neo-formed diopside, gehlenite and anorthite were detected in
all the samples. The decomposition of calcite in oxidizing atmo-
sphere occurs at a low temperature, above 800 °C the free CaO
can react with clay and SiO,, forming new phases: gehlen-
ite, diopside and plagioclase (anorthite). Experimental studies
showed that gehlenite crystals begins to form at 800 °C through
areaction that occurs at the grain boundaries of CaO, Al,O3 and
Si0, and from 900 °C it begins to disappear quickly.!3-17-2829

The presence of diopside, anorthite and gehlenite of neo-
formation is indicative of a firing temperature of about
900-950 °C. The high content of calcite in the samples CD_1,
CD_2 and CD_14, together with high temperature phases, may
be indicative of an uneven firing, caused by a low circulation of
the air, a stacking of bricks (Fig. 5B) or a different position in
the kiln with respect to the fire.

The clayey matrix of the samples has a mainly homoge-
neous texture characterized by open and closed pores (pores
size: 0.02-4 mm), in a few cases they are of primary origin due
to the preparation of the dough, while for the most part are of
secondary origin, generated after the release of fluids during
decomposition of the same phase which produces them. In the
brick body are present quartz crystals, lithic fragments, altered
mica minerals, apatite minerals, Fe-oxides and-Ti-oxides. Min-
erals show zoned compositions, as a result of the firing process,
and coronal reaction, indices of a slow kinetic.3?

4.3. Glazes

Brick samples consist of a portion of ceramic body with a
layer of high lead glaze (PbO 41-57 wt%) of two different col-
ors: white and black. Glazes have been investigated by scanning
electron microscopy with EDS microanalysis to have informa-
tion about their chemical (Table 2) and mineralogical features.
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Fig. 6. Sample CD_2. Throughout the black glaze are present thin skeletal crystals formed during the firing; the blacks grains are constituted by Si, Ca and Mn (ED

spectrum). Thus, the black pigment is attributable to a MnO-FeO compound.

Table 1

Major (oxide wt%) and trace elements (wt ppm) in the investigated bricks.

Samples  SiO  AlLO3; Fe;O3(T) MnO  MgO CaO  Na,O K;O TiO, P,0Os5 LOI  Total Ba Sr Y Sc Zr \%

Brick
CD2 5259 1233 486 0.118 236 1932 091 1.66  0.608 0.19 5.59 100.54 368 588 25 12 151 82
CD3  47.01 1055 431 0.122 2.16 21.69 091 1.68 0.516 0.28 8.98 9821 352 672 23 10 139 79
CDh4 5136 11.65 479 0.148 243 2138 1.01 238 0.581 041 225 9839 435 750 24 11 144 76
CD8 4836 1133 449 0.113 223 1976 0.77 1.82 0555 022 10.65 100.30 391 597 24 11 136 88

Mortar
CD_13  26.11 3.61 237 0.151 128 3654 032 070 0.150 0.16 29.03 10042 198 1043 12 5 49 44
CD_.18 20.67 3.05 1.76 0.123 1.00 3861 036 058 0.133 0.18 325 98.97 263 1054 12 4 36 42
CD9  27.01 3.64 223 0.168 1.12 3508 022 042 0.153 0.14 2954 99.72 131 655 13 5 45 53
CD_.12 2400 3.08 191 0.144 1.11  36.04 028 056 0.130 0.19 30.87 9831 205 780 12 4 41 58
CD.10 530 129 0.57 0.021 098 3401 023 036 0.060 026 1149 5457 58 1034 2 2 22 17
CD.16 597 145  0.61 0.021 1.02 3571 0.18 046 0.067 0.05 942 5496 65 1076 3 2 9 17

wt% = per cent weight; ppm wt = part per million weight; LOI includes H,O and CO,; T =total Fe as Fe;Os.

The analyses reveal a similar composition of white and black
glazes: samples have the same proportion of SiO,—PbO and dif-
fer only for the presence of FeO-MnO in black glazes and tin
as opacifier in the whites.

The total alkaline content is less than about 1wt%
(Naz0 +K»0) and Al,O3 about 1% (except CD_2), suggesting

the use in all the sample of a quite pure quartz sand for glazes
production®.

White glazes belong to the class of ‘tin-opacified high lead
glazes’: in addition to lead, they have a high SnO, content. Cas-
siterite crystals were added to improve glaze flux during firing
and to confer an opaque shade to the glaze layer.?!

Table 2

Energy-dispersive X-ray spectroscopy microanalysis results of glazes (wt%).*

Samples Na,O MgO AlO3 SiO, K,O CaO MnO SnO; FeO PbO
CD_1 B 0 0.40 1.00 34.60 0 2.52 3.80 0 0 57.48
CD2 B 0.34 0.90 5.17 33.01 1.41 10.02 4.20 0 2.80 42.19
CD.3 W 0.61 0.34 0.81 29.40 0 2.40 0 24.30 0 42.14
CD_6 W 0.71 0.36 1.06 27.64 0 2.68 0 21.08 0 44.34
CD_8 W 0.62 0 1.27 28.16 0 1.99 0 21.94 0 46.02
CD_11 W 0.71 0.38 1.05 30.11 0 2.55 0 21.35 0 43.85
CD_13 W 0.95 0 2.07 33.75 0 2.57 0 19.38 0 41.28

% Normalized to 100%.
B =black color glaze; W = white color glaze.
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Fig. 7. Sample CD_6. (A) Interface: illite grains from the clay body show the growth of lead—potassium feldspar crystallites around. Within the glaze may be noted
bright inclusions of tin oxide. (B) Heterogeneous distribution of tin oxide crystals in the glaze.

The analysis of the samples showed that the composition and
microstructure are similar for all the white glazed, which could
suggest a common production technique. The tin content are in
the range 19-24 wt% SnO;, with SnO,/PbO ratios in the range
0.5-0.6 wt%.'* The content of SnO, is very high compared
to the contemporary productions from Eastern Spain (13—14th
centuries), with SnO» in the range between 6 and 7 wt%,] to
the previous productions from Egypt, with tin oxide rates of
5-9wt%* and to the Italian Renaissance glazed pottery form
Gubbio and Deruta (about 5.8 wt% SnOz).15

SEM-EDS analysis evidence the uniform distribution of cas-
siterite crystals (SnO»), confirmed by Raman Spectroscopy.>>

Tin oxide was first dissolved in silica and lead vitreous matrix;
during the firing process, tin oxide recrystallized to well develop
cassiterite crystals. Recrystallization of cassiterite was depend-
ent on time and temperature. In some samples, CD_3 and CD_13,
the punctual SEM microanalysis revealed heterogeneity in the
distribution of SnO,.

The study of geological features and the identification of the
quarries already existing at the time of the tower construction,
allowed to hypothesize that tin used could be sourced from the
mines of Campiglia Marittima (Tuscany), not far from Parma.3?

Black glazes have an high lead content. From the analyses, the
samples have different composition (Table 2): CD_2 has an high
content of iron (FeO 2.8 wt%) and alkaline components, instead
absent in CD_1. Manganese content (MnO about 4.0 wt%) is
similar in the two samples and gives the black color, tinged
with brown, to the glaze.>*3> SEM-EDS analysis evidenced the
presence, especially near the external edge, of very thin skele-
tal crystals containing lead, Mn, Fe, and Si, formed during the
firing and black grains constituted by Si, Ca and Mn (Fig. 6).
Microanalysis and microscopic examination indicated that an
opacifier was not present in black glazes.

4.4. Body-glaze interface

During firing, interaction between glaze and clay body
produces an interface layer, that is strongly related to the clay
body typology, the temperature and time of firing.">!! In par-
ticular, in dry unfired bodies, elements such as aluminum, iron,
potassium, calcium and magnesium diffuse from the body into
the glaze and, as the concentration of these elements in the
glaze increases, crystals of potassium—lead—aluminum-silicate
are formed at the body—glaze interface, this has been detected

A0pm " B

Fig. 8. The thickness of glaze and interface layer. (A) Sample CD_6, unreacted quartz crystals and elongated potassium—lead—aluminum-silicate crystals are present
at the interface. (B) Sample CD_2, extended interface with coal particles, manganese dioxide and trace of Fe-oxide.
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Fig. 9. Glaze damages: (A) fracture parallel to the surface in the sample CD_6; (B) sample CD_4, glaze damages during the fire, with large irregular bubbles and

cracks.

in all analyzed samples (Figs. 6 and 7A). The development at
the interface is significantly greater when the glaze suspension
is applied to the unfired body.” In the samples, tin-oxide crys-
tals are heterogeneously distributed, suggesting a non-fritting
process for the glaze production or a not accurate preparation
technique’® (Fig. 7B).

Morphological analysis of these crystals and their “dragging”
into the glaze, allowed to hypothesize that, in the production
process, the cooling of the ceramics has been slow, probably
inside the kiln.%®

Many sub-rectangular particles corresponding to quartz in
form of ‘unreacted quartz’ are detected at the interface glaze-
brick, these depend on the glaze composition, in this case the
SiO; content is 12.9-16.9 wt%. In all samples, calcium incor-
porated into the glaze formed Ca-rich pyroxene.

The noticeable amount of bubbles in the glaze, produced by
release of carbon dioxide generated by decomposition of car-
bonate of the clay, and the large amount of crystals developed
at the interface indicate a single firing process (Fig. 8).

In the samples, the thickness of glaze and interface layer is
variable and irregular (Fig. 8): (1) glaze thickness: 30—700 pm
and (2) interface layer: 20150 wm. White glazes have a higher
thickness than the black ones, with a more developed interface
layer.

A particular case concerns the sample CD_4, profoundly
altered during the blaze. The sample shows signs of re-firing,
with swellings and large irregular bubbles in the glaze and an
accentuated vitrification of the brick (Fig. 9B).

Notwithstanding the high lead glazes have a low coefficient
of thermal expansion than the alkali lead glazes, the few cracks
present in the glaze are probably due to the shrinkage of the
ceramic body during firing or to thermal shock suffered during
the recent fire (Fig. 9A).

4.5. Mortars

Joint mortars and repair mortars have been investigated by
optical microscopy, electron microscopy (SEM-EDS), ICP-AES
analysis and X-ray diffraction (Table 3) to have information
on their chemical (Table 1), mineralogical and petrographic
features.”38

Plaster samples were took in correspondence of one of the
ancient scaffolding hole; mortar samples were taken at different
heights of the spire, sampling points are reported in Fig. 5.

Samples, despite having different compositions and mixtures,
are mostly composed of carbonates both in aggregate and binder.

On the basis of the sampling point, two main typologies of
mortars could be identified: mortars from the original masonry,
14th century, collected inside the masonry; samples taken in
correspondence of the covering structure installed in the 16th
century.

The ancientest mortars (CD_13, CD_15, CD_18; 14th cen-
tury) are composed of a lime-based binder with carbonate and
silicate aggregate, in a 1:1 ratio. The interaction between binder
and aggregate is poor and reaction rims are not developed around
grains boundaries. Small amounts of phyllosilicates, talc and

Table 3
Principal mineralogical composition of the mortars (XRD).
Sample Phases

Anhydrite Calcite Chlorite Gypsum Phyllosilicates Quartz
CD_13 - +++ - t ++ +++
CD_15 t +++ - + t +++
CD.9 - +++ t + ++
CD_12 t +++ t - + ++
CD_10 +++ + - +++ - -
CD_16 + ++ - +++ - -

+++=major; ++ = small; + = minor; 7 =trace.
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Fig. 10. (A) Sample CD_13. Microfossils (Pliocene gastropoda) (optical microscope, 10x, transmitted light, parallel polarizers). (B) Sample CD_9. Ophiolite grain
found in the mortar of the end of the XVI century (optical microscope, 10x, transmitted light, crossed polarizers).

microfossils are found in all three samples (Fig. 10A). By opti-
cal analysis and visual estimation,?>>0-38 the size of the grains
(aggregates size: 0.2-3 mm) and the pores (macropores size:
0.1-2 mm) are homogeneous.

Mortars, CD_9 and CD_12, employed during the installa-
tion of copper roofing in the 16th century, are very similar
in composition and grain size distribution (aggregates size:
0.08-6 mm), with a good interaction between binder and aggre-
gate, as observed at the carbonate—phyllosilicates interface; high
porosity (macropores size: 0.1-0.8 mm) and fracture are present.
The ratio between binder and aggregate is visually estimated to
1:2. Ophiolite grains are present in both the samples, reveling the
use of aggregate maybe from Parma Apennine area (Fig. 10B).

As shown by chemical analysis, for samples CD_9, CD_12,
CD_13, CD_18, CaO is mostly related to carbonates suggested
by the high value of LOL

Plaster samples CD_10 and CD_16 have predominant content
of gypsum and anhydrite (Table 3), as observed by XRD and
SEM-EDS analysis and also showed in the chemical analysis
by the high content of CaO as well as low LOI and high Sr
values (Table 1). In the samples, the dimension of the aggregates
varies from 0.1 to 7 mm, with a macroporosity (size > 1/16 mm)
of 10-15%. The binder and aggregate ratio is 1:2.

The presence of anhydrite in CD_15, CD_12, CD_16 and
especially in CD_10 (Table 3) could be related to the gypsum
dehydration as effect of the recent fire.

5. Conclusions

The results of this study allow characterizing the dichromatic
glazed masonry of the conical spire of the steeple of the Parma
Cathedral and defining the production techniques of the 14th
century glazed bricks.

Samples consist of a portion of calcareous clay body with a
layer of high lead glaze of two different colors: white and black.

White glazes belong to the class of ‘tin-opacified high lead
glazes’, analysis reveal an high tin content (19-24 wt% SnO,),
probably extracted from Campiglia Marittima tin mines in Tus-
cany (Italy), not far from Parma. The high content of SnO,
distinguishes this production from the contemporary from East-
ern Spain, from the Italian Renaissance glazed pottery and from

the previous Egyptian production, which have lower values
(SnO; about 5-9 wt%).

For black glazes, the color tinged with brown is conferred
by the addition of manganese, without trace of opacifier. The
samples have different composition: compared to CD_1, CD_2
contains iron (2.8 wt%) and alkali.

The calcareous paste has a low content of iron oxides and a
pale pink color.

Traces of neo-formed gehlenite, diopside and anorthite,
detected by XRD, together with calcite suggest a uneven fir-
ing temperature, about 900-950 °C. Little difference of firing
temperature could be probably due to poor air circulation in the
kiln and closeness between the bricks.

The interface between brick and glaze has a variable thickness
of 20-150 pm, in general higher in the white glazes.

The thickness of the interface and the presence of crystals
of potassium-lead—aluminum silicate are indicative of a sin-
gle cooking, with glaze applied on an un-fired body. Unreacted
quartz are also present at the interface and into the glaze, together
with bubbles generated by carbonate decomposition of the clay.

Mortars of the 14th and 16th centuries have been analyzed.
All the samples are composed of a lime-based binder with differ-
ent aggregate, in particular: the mortar of 14th century (CD_13,
CD_15, CD_18) has a low content of silicate, small amounts
of phyllosilicates, talc and microfossils and poor interaction
between binder and aggregate; the mortars of the 16th century
(CD_9 and CD_12) are very similar in composition and grain size
distribution, with a good interaction between binder and aggre-
gate, aggregates contain ophiolite grains, probably deriving from
Parma Apennines.

Plaster samples, CD_10 and CD_16, have predominant con-
tent of gypsum and anhydrite, the latter could be related to the
gypsum dehydration as effect of the recent fire.
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