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THE l"ATUR<\.L WEATHERI:'II"G OF A:'II" ARTIFICIALLY L\'DUCED 
CALCIUM OXALATI PATINA 0:'\ SO FT UMISTOl"E 

,. , 
T. DI"t~'ru ss and J . Cau a r 

Abstract 
nus papa focuses on th~ dfttts of nalUr.ll w~athffi.ng 00 Globigmm Lime5ton~ (Maltll) 
which was rrcated wlIh ammonium oxalate 10 produc~ a calcium oxalate surbc~ laye!". This 
study includes the first two pha~s of 1I larger reselll"clt progr-unrue. UboralOI)' $lImples 
were considered first. These were treated and ~s~d in a controlled mvironmeut (phase I). 
ldemical samples SC'ts wne prepared for Phase 2. These were tr~lIted ill lim and upo~d to 
S1f~ Conditions fQf the- period of one year. In an anempllo simulate SlIe conditions. for both 
Pha~ I and Pha~ 2 samples. the linv.slOne was contaminat.-d with wluble salts before 
trutmrnt took plxe. These included!hr~ 5CpOlf1lte types: sodium chloride. sodium sulfate 
and sodium nitRt~. Desalinated saDlples were a1w included in the study. ScanDing Eltttron 
Microscopy (SEr.{) was carned out on the Pha5C I samples while DrillUig Resistance 
Measurement System (DR..1o,1S) was carried out on the umples of both phases. This paper 
focuses on the resuifs from die SEM and CorTl'lates these with those results from the DRMS 
in light of the infl~DCe of IUlW"al weathering on an artificia l calcium oxalate layer, induc~d 
Ul the presence of solubl~ salts . 

Keywords: Oltabtes. consolidation. prott"Ction. limestone. tr~almenl durability 

1. InTroduction 
The MahCM' lsbnd~. a small island archipelago measuring 316 square Jcilometres and 
located 931i:ru somh of Sicily and 2881i:ru oarth of Africa have a br~ collt"Clion ofhislOnC 
hmcsoone bulldmgs and monuments ThaI span Ihe millc1Ulla. TbeSl' are built in MalteSl' 
Globigerina Liuv.slollC - a highly porous calcareous stone which ualUr.llly deteri()f;l.tes in an 
C1l\nonm!'ut that is expos.-d 10 both water :md soluble salts_ ThCM' buildings :md 
monUnH'nlS ~\-;ubly require conservation ;action al c~nain poinls in their Iif~lime which 
may include consolidalion and/or protccti\-~ trealDJC1lts. Many of the historic stone edifices 
(pre-1850s) in Malu and Gore were built \\-;thoUi the insertion of a d.unp proof COIlf$(" . 

thus allowing waler C1ltry in th~ form of rising d.unp logelher \\-;th any soluble salts present 
Additiomlly. wall construction g~lIC""lIy utilised soil inflli. usuaUy salt bden. betweenlwo 
masonry wall leaves. The island C1lVIrOIUIlC1II furthn enhaoces sait contamination through 
\\;ud driven aud aC1"osol borne salK Th~ context is therefore a porous limestone which has 
a continual supply of water and soluble salls_ 
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~t of COIlSC1Vlllion md Built Hmtlge. Farulty fClf the Built Environment 
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Consolldallon of cxposed Globigmna Lllnestone which has lost cohesIon. manifcslCd as 
powdering! gpuulM disinltgr.ltion. mustthereforc take this context into acCO\1ll1. The aim 
must ~ to bridge the l~ powdc!-/ graiDS together and to the sound SIODe ~ath with a 
compatible D13tmal thai relams bow tbe water and sail 1ran5pOf1 properties of the Slone thai 
IS hewg consolidated. Ammoni\1lll oxalatc treatment on calcareous SIOIIC has becn studied 
as a surbce treatment pro\iding proltctioo from acid attack together ",ilh possible 
consolidating properties (M.aneiniil!tal .• 1994: Maneini 2007). e1."en on Globigerina 
Limestone (Cronri 2004; Mifsud et al .• 2006; Dreyfuss il!t al .• 20 12 ;mel 2013). wrucb 10 
datc has rc\'ealed promiung results suggcsnng liS potenllal usc w this respecl. The ilCnW 
study of ammonium o:ulatt treatnlCnt on Globigcrina Limestone In sltu;mel its relationship 
wi!h 'IOluble salls presenl in the stone was !he next 51"1'. This w:n 10 take this research to a 
point wherr the actions alld mechanisms of ammonium o:ulale treatment Me uudcnlood in 
terms of thc parameters prcscmed by " histoncal buildmg. The ",,,0 p3J1lmeters idcllnficd 
here Me !he presence of salts and sile exposure whilst stOl1C pathology is considered in other 
p3fts of the larger reseMch p£oJcct (Phase 3). To this ffi!l. the parameters included here 
were desa linated versus gil contaminated conditions and controlled \"CI"SUS WlCoutrolled 
ell\ -U-Ollll\C1lts. 

2. ), [ethodology 

1.1. Globig<'Ti llll Lint<'!toll<' 

The D13tml1 considc!-ed. Globigcrina Limestone, of !he JranktJ tyPt" (Cassar 20(4). is a 
fine ·gr.lined limestone. scdimmtary in origin with few to abundant fossils inc luding 
planktonic and benthonic foraminifera especially globigermt" which is from wbert" il gelS 
its namt". It is prim:uily contpOsed of calcium cMbonatt" in the form of calc ite crystals 
ct"l1lffittd togethH by ooo·nyst.allint" calcium carbonate. B..-si&s calcitt. Globigerina 
Limestone 011'10 conuins day minerals. quartz, ft"ldspars. apalitt and giauconitt". A large 
part of thc clay mmerals C0ll5i5lS of kaolinilc ",ilh 5m«:lite. illlie-smectite. iIIitc and 
\'Cfnuculitt" alw being present (Cas$31 2002). Tbt" porosity is high and vanes between 24~~ 
(Cas$31 2004) and 4 1 ~. (C:lSsautai.. 2001) whilst tht" D13jority of ports :5" o4)1Ill 
(Vannucci il!t af,. 1994). 

1.J. SlImplr PT<']IlIfllriOIl 

Tht" samples w~ pI""1'arcd as SO"SO" IO rum' ( for tM SEM Samp~5) and SO"SO"SO mm' 
(for!ht" DR.\-fS san1p~s) cnt from stooc blocks (approximately w=H O nUll K D=230 IIUU K 

H"'267 mm) obtained from the qu.my art"a !mown as Ta ' I-IkJln in Qrt"Udi (coordinat.-s 
SLSOO; 66,500) at a dt-ptb of 12 m below ground len!. The horizontal (do"'llward £Xing 
direction) bedding plant" was IlOttd in all ca5CS and retained as !he trutmnil and testing 
$W"bct" for all san1p~$. 

Tht" !Wllplts Cons1stt"d of qlWT)' samples with different salt contents, D.aID!'ly desalinated 
samples, samples contaminated respKti\~ly ",i!h saturaled 'IOlutions of sodium chloride. 
sodium sulfatc and sodium IlItrate. Oc:;;.alinalion was camed out by inunc:mon of thc 
samplts in distilled water. !rpeatedly changing the w:ltt"r wlIil its conductivity ",o1."t"aled that 
501ub~ salts WCIl' no longer present (9 ~S!cm). All of the satnp~s wert" thus desal.inatt"d 
and !hen o\~n dried for 24 hours 01. 1 a tmlpenrure of 10SOC Ihm cooled in the IaboratOl)" to 
conSlall1 maSii at 20°C room ICmpcr.lrure. Onc fourth of the samples WelC wcn rctained to 
repr.-sent Wt" deglinatt"d tyPt" samplt"S. whilt" the rnnaining SaDlplt"S wert" di\idcd into thr« 
SoI'ts and t"ilCh set was salinated with a saturated solution of sodium chlor-i&. sodiuDl sulfatt" 
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:.lIld $Odium nitr;l\t respecti\'e!y by immersion for 2 hours. Following immtfsion. ~ 
sampl~ wert" air dri.-d. 

1.3. A mmolli"m oxol"" r,,"rm~'" 
Trntmffit \\015 caru.-d out to all sides of tht" samples using a 5% :1.l11lllomum oulate 
monohydr.itt" solutiOll appli.-d in a cellulose pulp poultice for 24 houn at 20"<:; cOllditiOllS 
were 74~~ RJf Ul the case of the laboratory samples ;md at 26°C. 70-/. RJf 011 ute. 
Following trt"atmml lM poultict" was manuaUy renKl\-.-d 300 tht" samplt"s It"ft 10 air dry. Tht" 
ucess pulp was brushm off with 3 soft nylon brush. Untrt"att"d u lnplcs wt"n' prt"pared for 
alllTeated umple types. 

1.4. Slr~ {!:\p(.n"r~ 

The one-year site exposure of the Phase 2 samples included tempc-r.l1ures ranging from 
S.6°C to 37.5"<:. 3 10131 rainfall of3S0.7 mm. 3059.4 hoUffl of sunshino!-. an a\'erage Relati\"t" 
Humidity of 72.4~'O. 35 days with thunderstorms_ 12 days with hail. 4 days with fog and 4 
days with "dust hue". The samples were retrie\'m after one year for DRMS testing whicb 
\\OIIS carrim out Ul a laboratory. 

3. TU ti llg 

The Scanning Elt'ClTon Microscopy (SEM) umples measured )0" )0"10 rum' and were cut 
out of the larger 50"SO,, )0 mm' samples using a surgical bin. The ITnlm and wnuated 
umples wne eumillCd Wldn Idelllical magnifications for each Ulliple rype. for direct 
comparison 31 " 100 and "2000. The surf:lCt" m(lrphology. surfact" topogf2phy. surract" 
features. surfact" texrure. :md aysul arr:mgnnent wft"e analywd 

Drining Resistance Measwement System (DRl\iS) was carum out 011 the SOx50x50 mm' 
cuk samples. The depth of the calcium oxalate layn was ev"lualm through 1M Drilling 
Resistance Measurement Systnn (DRMS) Des.a.lination was carrim out bt"fort" DRMS 
tesling for all samplt"s!hat were ITnted with ammonium oxabtt" in the presmce of a soluble 
salt. In rhe ca~ of wnreated samples howe\-ef. ult fr« and u lill3led IJpe!i \'-efe te&ted. 

4. R rsul ls S. d i'Kussioll 

The DRMS results for the Pha~ 1 samples re..-ealed a ~atment depth of up to 1.60 mm for 
samples lIeatt"d in a salt free' ClwirolllMnt aoo 0.70 rum - 1 00 mm in tM c"s~ of S3I11ples 
treated in the presmc~ of the soluble sa lts considered. The depths for the Pha~ 2 samples 
Weft" 0.80 rum in tht" first instance and 0.70 mm - 0.90 rum in tht" s«ond (Drt"yfuss ~r ~/ .. in 
prt"paration). Thft"t"fort". whil~ ult-free' conditions induced deeper fomutions with 
trealmmt (1.60 mm) wben compared to sa lin:itm conditions (0.70 mm-l.00 nun), this 
depth "'OIlS rmuced (from 1.60 nUll 10 0.80 mm) o\"ft" the year of site exposure which 
indicat<"S thaI the calcium oxalatt" fornJl'"d in this samplt" tYj>t" was bt"ing wuthef~d away. 
ConvCfSI'ly. the depths 3Chie\·t"<! with ITUIDl~nt in s.alt-contaminatt"<! conditions (0.7Omm-
1.00 mm) wft"e still Illai.ntainm one year after exposure (0.10 mm-0.9O rum). possibly 
suggesting UllprO\'ed durability. 

The maximum drilling U-!llstaDCt"S at tM COITt"Sponding depths of lTt"atment ,,-eft" also 
r~orde(t Th~ re!iUits mow~d thai the incr~llSed dt"plhs of 1.60 nun in tM samples treatt"d in 
"sail-free mVlrOllllXDI wer~ coupled with reduced values of drilling resistance (Il.S2 N) 
when compared to those samples lTeated in 1M presence of soluble ul ts which had 
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§lWlown U-utnH'Dl ~th5 (0.70 rum-LO nun) but a grutn drilling resi!ilanc~ (I4.79 N· 
21.62 N). ~yfuss III 0 1 .• in PJ~ar.llion).TIus implies thaI thi!- n~wly formed calcium 
oublt in th~ ult contaminated umpl~s has IWprO\·ed strength characteristics when 
compared 10 tb~ calcium oublt formed in S3lt·fr~ ~n\"irOIll1lents. Tb~ DRMS r~sults 
w~~ funhn analysed and corr~bled 10 SEM ob~rntions as discussed ~low. 

For SEM anlysis a Mnlin FESEM with Carl Zc-i5s optics and Gemiru n colUOUI (i/o: 4216) 
WllS nSC"d. In Ihe SEM images of tb~ des:llinaltd untr~ated sampl~s at "100. indi,·idual 
calcil~ c!")'!itlls/granules w~r~ obsnved tog~!her with globigmm~ and othn fossils. In 1M 
tr~aled samples. ~ lIDoofossils were ltil1 ,isible and ~ prniously indinduOII 
crystll..Jgranules were sten to be more compact. TiH'SoI' findings suggest that trutmml 
r~sults in lin inlprO\·ed and more compact sllfuce larur~ without hlocking the 
globigninu-ffossib. AI higbn Il].;I.gnificOitioos ("2000) ~ desalinated unu-ealtd S30lples 
!.howed that Uldi,idual cr,stalsfgranules (A) were clearly distinguishable. (FIg. I). In t~ 
nealed samples (FIg. 2). the newly formed CalCium oulalt was obsn"\-ed to take 10 form of 
fbI cryslaWpbtes which were arranged in a layered arrang~DlI'ntistacked par311~1 10 th~ 
sampl~ surfac~ (B)_ This arrangement is schi!-ll].;I.ticaUy illustrated in Fig. 4. 

Fig. / : SEAl imagll (x Z(){)())/or allSalinated unrroClled laboratory sampill. 



 

! 3"'1n!..,..1I..w Coo~ ... Ibr n.t.non.bOD llId C~"'II'" ofSIOt>o' : C"""", ... b ... 

Fig. }- SEM imag{l (x }()()())/or Q{lSa/lnat{lQ treal«l laboroM), samp/{I. 

In w untreatffi salt cOlltuuinatffi san;ol.-s, salt crystals WCff ~ to completely co\·er the 
sample surface in the sodium chloride aoo sodium nirr.ue conuminatM samples 
resp«nnly. Sodium sulfale wu also sem 10 subsulllially co\'er the san;ole surface 
althongh 10 a lesser extenl sInce globlgmll.ile were still vi5ible after salt COll1anunallon. 
These fHldings confinn lhat salt conumin:l tion has a ·'porc blocking/coating" effcct which 
probably inhibits thc ammonium oubtc from penetrating ~per rcsulting in shallower 
calcium ouble formaliOfls as obsefYM in thc DRl\1S resullS abovc. 

After treatment, lhe amount of surbcc uh was seen 10 be grcady rffiucM in thc sodium 
chloride and sodium sulfate contaminatcd samplc types_ The rcduction in surfacc s:alt in the 
sodiwn nitralc cont.un.in.aIM sanlp1es was ~ to occur to a l.-sser extent (C in Fig_ 3) 
confimung the blockwglcoalwg beha\-iour of llus sail. also seen in the results from thc 
DRMS whc-rc surface salt coucnnflltious wc-rc 5till present after 01lC yeM of site exposure 
(Dreyfuss et Ill.. in prcp:u.uion)_ Tht:SC conclusions indicate a rffiuction in salt cOlltcnt 
during treatmenl probably through lhe waler-based poulticc_ 

The morphology obseP.-ffi 111 W trealM. salt conta.nunarro samples ShOWM calcium 
ouble to be fonned in a diffcrent configtntion to that de\·clopcd in the dcs.al.in.atffi 
!WIlplcs_ The calcium oubte was observed as individll3.l Cryslals (not byerM) which werc 
organised in a nrtical arr.mgcmtlll (nol borizolllal). prcdornill.ilntly pnpmdicular (oot 
parallel) 10 the sample surface (D in Fig. 3). This configtntion. whK:h is schematically 
illustrated in Figure 5 may be Wlderstood to withstand crosion and natnr:l.l weathering better 
than thc arr:wgctDClIt of calciwn ouble formed in salt- fr~ (oDditions (Figurc 4). wherc 
the configtntton may be morc susceptiblc to erosion. The differcucc betw~n the newly 
formed calcium oubte crystal orientation in relation to the liall conditions during treatment 
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is currmtly briog iD\·~lig:u~d funher. This physical differmc~ in cakiwn oJl.alal~ crysu l 
orimuhon may account (or tilt reduced ~ths. tb~ increased drilling resi5lancr a.od th~ 
Impro~·ed durabllity ~chie\-ed in SlIlt laden SlImpl~" 

Fig J .- SEM image (x } O()(J) far sad/11m nitrate contaminatl!d trMtM laoorota,,' sampill. 

honwololllr~ 
wMwo-Ilile 
(par""lellO .... rf:oce 
p.-oft .. j 
fomoed in a 5;llt frft 
eovir"Ofl n"'nt 

Figure 4.- Schematic illustration of the wh frn"e//ilefomled In saltfree em"ironmllnts" 
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wh~. II~. 

(perpendlcuLor 10 
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Figura 5: Schflm Cl riC i/Iustmri0 1l oftha ll'h"l'llIlililformflli in tha PrlISf!IlCiI OflOlublil l Clln. 

5. COIl{ III~ion~ 

Wh~ cOmp.;lr~ 10 tt~al~ degliml~ umpl~ of lh~ Ull}!' t)~. th~ ttnl~ uil 
com~rninaled s.;r.mpl~ rttorded wllown c~lcium ouble Ikplhs aoo higbtr \<l llles for lh~ 
drilling resistanc~ . This resull~ in an mcreased dllr.lbihly during lhe one year of sne 
aposur~ . ~ftcr which lh~ Ikplh of indu.c~d ··hardn~ss·· decr~~sM from.1 rang~ of 0.10 nun 
to 1.0 mm 10 ~ range of 0.70 rum 10 0 ,90 IllDl. In th~ des.tliml~ s.;r.mp~5 !his decrn5ed 
from 1.60 nun 10 O.SO nIDI. Thi5 diffnmc~ "'<IS ~xplained through lhe SEM images when 
calcilUll oubte w~s S«1l to form in horizontally stacked byers. par.tlJd to the lkllIlpk 
profik in the des.ali.n."ItC'd s.;r.mples. the physical. configllr.l.tion of wruch is p£ob:ibly 
dilIn~nt1y sU'iC~tibl~ to nasion, The c~kium oubte fon ned in the pre~nce of soluble 
sa lts Ins ~rnoged in ~ ntTical DUlWrt. ~ular to tM s.;r.mpl~ profi1~. creating an 
interlock~ network of whewellite crysta ls. Fl1fthc,r rese;Jfch into the re~sous for this 
nrying ori~l~tion. :IS well ~s trutment and t~tiog of nposM historic limestone is 
con~ot1y ongoing_ 
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