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Abs t rac t - -The  extraction of salts by layered (bentonite) and fibrous (sepiolite) clay poultices from stone 
materials currently used in Heritage buildings was studied. Analyses were performed on stones affected 
by salts but not submitted to humidity, and also on stones affected by salts and simultaneously submitted 
to continuous or intermittent humidity during the salt-extraction process. From the experimental results 
and the statistical analysis, the application of two successive poultices is sufficient for an efficient ex- 
traction of C1- and NO3 in the absence of humidity. However, under humid conditions, the efficiency of 
the method is reduced considerably. For SO42-, the use of hydrotalcites (anionic clays) is recommended 
for more effective extraction. 
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I N T R O D U C T I O N  

Haloclas ty ,  the b r eak ing  of  s tone mater ia ls  because  
of  the stresses genera ted  by  rain  and  the  g rowth  o f  
salts ins ide  thei r  pore  ne twork ,  is one  of  the mos t  com-  
m o n  processes  i nvo lved  in the decay o f  s tone (Vicente ,  
1994, 1996; Garc ia -Ta leg6n  et  al., 1999). P rob lems  
re la ted  to the p resence  of  salts in the pore ne twork  o f  
s tone and  o ther  mater ia ls  were  addressed  in detai l  by  
E v a n s  (1970)  and  A r n o l d  (1996).  

Conse rva t i on  of  her i tage  bu i ld ings  of ten requires  
the r emova l  o f  salts f r om stone. 'Desa l f ing '  of  s tones  
by  appl ica t ion  o f  abso rben t  poul t ices  is a wide ly  used 
technique ,  a l though  it is chief ly  empir ica l  in nature  and  
no  in -dep th  s tudies  have  b e e n  repor ted  on  the  pro- 
cesses  i nvo lved  in this  procedure .  In addi t ion  to the 
condi t ions  i nvo lved  in the use  o f  poul t ices  (e.g.  con-  
tact  t ime,  tempera ture) ,  the eff ic iency o f  the  procedure  
also depends  on  the nature  of  the poul t ices  and  the 
type  of  ions  to be  removed .  No  genera l  ag reemen t  ex- 
ists about  the  benef ic ia l  effects  of  salt  r em ova l  or the  
sui tabi l i ty  o f  the use o f  poult ices.  B r o m b l e t  and  Verg- 
e s -Be lmin  (1966),  L ing  and  Smi th  (1966),  S i m o n  et  

al. (1966)  and  W e b e r  e t  al. (1996)  addressed  the  prob-  
lems ar is ing w h e n  the s tone is con t am i na t ed  by  mix-  
tures o f  ions,  and  they de tec ted  an  increase  in sulfate 
conten t  and  subsequen t  surface  degrada t ion  in orna-  
men ta l  stones,  fo l lowing  salt  ex t rac t ion  by  poult ices.  

In this  study, we repor t  a pro tocol  deve loped  to de- 
t e rmine  the behav io r  of  c lays  used for  r e m o v i n g  salt  
under  s imula ted  condi t ions  where  poul t ices  are com-  
mon ly  used. The  a im was to reproduce  in the labora-  
tory  the  two si tuat ions usual ly  found  in pract ice  in  
wea the red  s tones  for wh ich  conse rva t ion  desal t ing  is 

* Deceased. 

r e commended :  (1) sa l t - laden s tone in humid i ty - f ree  
c o n d i t i o n s  (e .g .  f r o m  a r c h a e o l o g i c a l  e x c a v a t i o n s ,  
where  the walls  are largely  unaf fec ted  by  humid i ty ) ;  
and  (2) s tone con t inuous ly  or in te rmi t ten t ly  af fected 
by  humid i ty  (e.g.  walls  current ly  af fected by  humid i -  

ty). 

M A T E R I A L S  A N D  M E T H O D S  

Blocks  5 • 5 • 5 c m  in size of  a deep ly -wea the red  
na tura l  grani te  (wi th  a total  porosi ty  of  28 .40%)  were  
studied. The  minera log ica l  and  pe t rophys ica l  charac-  
ter is t ics  of  this  grani te  were  pub l i shed  by  Garcla-Tal-  
eg6n  et  al. (1994)  and  Ifiigo et  al. (1994).  The  b locks  
were  i m m e r s e d  for  4 d in 0.5 M solut ions  o f  NaC1, 
NaNO3 and  Na2SO4, respect ively,  to a he igh t  of  1 c m  
above  the  base  of  the  b locks  in order  to p roduce  total  
impregna t i on  via  capi l la ry  upris ing.  Af te r  the  b locks  
were  r e m o v e d  f rom the ba th  and  dr ied at r o o m  tem-  
perature,  a salt ex t rac t ion  process  was  p e r f o r m e d  us ing  
poul t ices  o f  ben ton i t e  or sepiolite.  Two ex t rac t ion  pro- 
tocols  were  used: D (dry)  and  W (wet) condi t ions ,  as 
descr ibed  below.  

The  sepiolite,  S, and  bentoni te ,  B, used  are com-  
merc ia l  c lays p rov ided  by  the T O L S A  C o m p a n y  (Ma-  
drid, Spain) .  The i r  specific surface  areas are 240  m2/g 
(S) and  120 mVg (B). The i r  X- ray  di f f rac t ion (XRD)  
pa t t e rn s  and  d i f f e r en t i a l  t h e r m a l  ana ly s i s  ( D T A )  
curves  are shown  in F igures  1 and  2, respect ively.  The  
X R D  pat te rns  were  recorded  in a Phi l ips  P W  1030 
ins t rument ,  us ing  CuKc~ radia t ion  (k = 1.5405 A)  and  
a Ni  filter. The  D T A  curves  were  r ecorded  in air, in a 
Pe rk in -E lmer  D T A  1700 apparatus ,  wi th  a vert ical  fur- 
nace,  ch rome l - a lume l  the rmocoup les ,  and  at a hea t ing  
rate of  10~ the in s t rumen t  was  coup led  to a Per- 
k in -E lmer  3600  Data  Station.  
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Figure 1. XRD patterns of sepiolite and bentonite used in 
poultice preparation: (a) untreated bentonite; (b) oriented ag- 
gregate of bentonite with glycerol; (c) bentonite heated at 
500~ and (d) untreated sepiolite. 

D Pro toco l  

Poul t ices  were  prepared  by wet t ing  the  c lays  (B or  
S) wi th  dis t i l led water, and  p lac ing the  poul t ice  on  the 
top surface  (poul t ice  4 m m  thick)  of  three  sal t - im- 
p regna ted  blocks.  The  b lock  was p laced  on  a dry  sur- 
face and  the sides were  covered  wi th  paraff in to avo id  
evapora t ion  th rough  the sides (i.e. to ensure  it occur red  
only  th rough  the poult ice).  The  b locks  were  covered  
wi th  a plast ic  fi lm to p reven t  d ry ing  of  the poult ice 
(when  dried, poul t ices  peel o f f  and  lose contac t  with  
the  s tone  b lock) .  The  p las t ic  f i lm was  r e m o v e d  af ter  
3 d and  the b locks  were  a l lowed  to dry  at r oom tem- 
perature.  The  poul t ice  pee led  of f  spon taneous ly  and  
was analyzed.  The  same b locks  were  t reated twice  
more ,  fo l lowing  the same method ,  to assess the effi- 
c iency  of  salt  extract ion.  

W Pro toco l  

This  protocol  was  ident ical  to pro tocol  D, but  the 
b lock  was p laced  on a h u m i d  surface for 4 d. Then,  
the b lock  was m o v e d  to a dry  surface for  3 d. The  
b locks  were  subjec ted  to two addi t ional  cycles of  wet-  
t ing and  drying.  

Af ter  each  poul t ice  was r e m o v e d  f rom the blocks,  
it was  dr ied to cons tan t  weight .  Then,  ion ext rac t ion  
f rom the poul t ices  was pe r fo rmed  fo l lowing  the NOR-  
M A L  (1983)  procedure .  Ana lys i s  of  the  di f ferent  salt 
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Figure 2. DTA traces of bentonite (curve l) and sepiolite 
(curve 2) used in poultice preparation. 

species extracted was accompl i shed  us ing  a M e t r o h m  
ionic  ch ro ma t o g rap h y  system, equ ipped  wi th  a CI 709 
pump,  a CI 732  conduc t iv i ty  detector,  a CI  733 sepa- 
ra t ion  chamber ,  and  a M e t r o h m  M S M  (CI 753)  sup- 
pressor  module ,  wi th  a CI 752 peris tal t ic  pump.  

Af ter  ex t rac t ion  wi th  the  ben ton i t e  poul t ices ,  the  
grani te  b locks  were  split  into three  hor izon ta l  por t ions  
with thicknesses of  1.5 cm (X), 1.5 cm (Y) and 2.0 cm 
(Z) f rom top to bo t tom,  as shown  in F igure  3. Af te r  
g r ind ing  and  homogen iza t ion ,  the soluble  salts in each  
por t ion  were  ana lyzed  fo l lowing  the  m e t h o d  of  N O R -  
M A L  (1983).  Ana lys i s  was  also p e r f o r m e d  on refer- 
ence  b locks  impregna t ed  wi th  salt solut ions,  bu t  not  
submi t t ed  to extract ion.  

Figure 3. Schematic representation of the blocks used in the 
study. 
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Figure 4. Joint plot on the first plane of a canonical biplot. 

Stat is t ical  m e t h o d  ( M A N O V A - b i p l o t )  

Statistical analysis of  the results by classical statis- 
tical methods ( A N O V A )  for individual  variables, treat- 
ed independently,  showed no differences be tween the 
properties of  the different slabs, treatments, nature of  
clay,  etc. However ,  the p h y s i c o c h e m i c a l  resul ts  
showed beyond doubt that differences did exist. For  
this reason, biplot methods were  used to assess the 
relationships exist ing be tween  the different variables 
studied. 

One of  the best statistical methods among descrip- 
t ive mult ivariate analyses is the biplot method  de- 
scribed by Gabriel  (1971), Galindo (1986) and Gower  
and Hand (1996). Biplot  methods are techniques for 
the simultaneous representation, in reduced dimen- 
sions, o f  a matrix o f  dimensions n • p, where n gen- 
erally represents n rows (elements) and p refers to the 
corresponding variables measured on those elements.  
The current trend is to consider  biplot methods  as 
graphic representations or tools for diagnosis o f  more 
formal  models  where the structure of  the model  is con- 
sidered a pr ior i  or a pos ter ior i ,  respectively,  in the 
data matrix. As a representation method,  Gabriel  
(1972, 1975), Vicente-Vil lard6n (1992) and Gower  
and Hand (1996) proposed the biplot method as an 
alternative tool to mult ivariate analysis o f  variance 
( M A N O V A ) ,  canonical  analysis or  discriminant  anal- 
ysis. 

Let  M be a matrix of  n individuals by p variables 
and assume that the n individuals are divided into mu- 

tually exclusive k classes (groups), each with n i indi- 
viduals (i = 1, 2 . . . . .  k) (n = nl + n2 + . . .  + nk). 

The aim is to obtain a simultaneous plot of  the rows 
(groups) and columns (variables) of  the data matrix in 
such a way that the groups are separated with maxi-  
m u m  discr iminatory power. This type o f  biplot is re- 
ferred to as a M A N O V A  biplot by Gabriel  (1995) and 
a biplot o f  canonical  variables by Vicente-Vil larddn 
(1992). 

The  results of  this analysis are usually plotted as 
dispersion diagrams, (Figure 4), with markers (aster- 
isks) for the groups (G) and vectors for the different 
variables (10. If  the project ion of  a marker  point  o f  a 
group (e.g. G7) is close to a co lumn marker  (the end 
of  the vector, e.g. V4), it is concluded that that group 
takes high values in that variable. I f  two co lumn mark- 
ers are close, both variables are correlated. These con- 
clusions are not, however,  straightforward, as they 
may  depend on other factors, such as the goodness-of-  
fit of  the variables on the plane, the absorption of  in- 
ertia o f  the plane, etc. 

RESULTS 

E x p e r i m e n t a l  resul ts  

Table 1 and Figure 5 show, respectively,  the con- 
centration o f  anions extracted (averaged values for 
three blocks tested) with bentonite poult ices (B) under  
both extraction condit ions (D and W)  studied. The  ra- 
tio be tween the amount  o f  CI-  extracted with protocol  
D (Table 1, Figure 5) for the first poult ice and for the 
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Table 1. Amount of anions (meq/cm 2) extracted by three successive poultices of bentonite (average values and standard 
deviations of three assays) under D and W conditions. 

1 st  2 n d  3 rd  1 s t / 2nd  1/s t /3rd  

D Conditions 
C1- 0.041 (0.014) 0.014 (0.005) 0.009 (0.006) 2.880 4.680 
NOs 0.034 (0.014) 0.010 (0.004) 0.005 (0.002) 3.400 6.740 
SOl 0.053 (0.019) 0.013 (0.006) 0.007 (0.003) 4.200 7.500 

W Conditions 
C1 0.143 (0.011) 0.110 (0.019) 0.078 (0.004) 1.290 1.820 
NO~ 0.133 (0.017) 0.092 (0.015) 0.069 (0.012) 1.450 1.940 
SO42- 0.236 (0.047) 0.176 (0.023) 0.140 (0.011) 1.340 1.680 

second  poul t ice  is 2.880, and  be t w een  the first and  the 
th i rd  is 4.680.  For  NO3, the rat ios be t w een  the 
amoun t s  ex t rac ted  by  the first and  the second  poul t ices  
is 3.400, and  be tw een  the first and  the third, 6.740. 
For  SO ]-  , the  values  are 4 .200 and  7.500, respect ively.  
The  amoun t s  ext rac ted  by  the  th i rd  poul t ice  us ing  the 
D protocol  are <0 .01  m e q / c m  2. For  ext rac t ions  fol- 
lowing  pro tocol  W (Table 1, F igure  5), the  re la t ionship  
be tween  the  amoun t s  ex t rac ted  wi th  the first and  sec- 
ond  and  the first and  thi rd  poul t ices  are as fol lows:  
C 1 ,  1.290 and  1.820; NOs 1.450 and  1.940; and  
SO42-, 1.340 and  1.680. 

The  sepiol i te  poul t ices  under  D condi t ions  (Table 2, 
F igure  6) ex t rac ted  apprec iab ly  lower  amoun t s  of  ions  
than  those  of  bentoni te .  T he  re la t ionships  be tween  the 
amoun t s  ext rac ted  wi th  the  first and  second  poul t ices  
and  the  first and  thi rd  are CI- ,  1.691 and  4.070;  NOs 
1.794 and  6.160;  and  SO42-, 1.926 and  5.450, respec-  
tively. U n d e r  W condi t ions ,  (Table 2, F igure  6), the 
re la t ionships  be tw een  the first and  second,  and  first 
and  thi rd  ext rac t ions  are CI- ,  1.486 and  2.684;  NOy,  
0.913 and  1.205; and  SO ]-  , 2.291 and  3.275, respec-  
tively. 

To de te rmine  the dep th  of  ex t rac t ion  wi th  the poul-  
tices, the  concen t ra t ions  of  an ions  (Table 3, F igure  7) 
r e m a i n i n g  in parts  X, Y and  Z of  the b locks  subjec ted  
to the  ex t rac t ion  process  (D,W)  wi th  three  success ive  
poul t ices  of  ben ton i t e  were  de te rmined .  The  ion con-  
tents  r e m a i n i n g  in the  d i f ferent  parts  of  the b locks  after  
ex t rac t ion  unde r  D condi t ions  are ve ry  low in X, 
s l ight ly h igher  in Y, and  m u c h  h igher  in Z, wh ich  has  
the same ion conten ts  as the re ference  blocks.  U n d e r  
W condi t ions ,  the  opposi te  results  are obse rved :  the  
greates t  ion conten ts  are found  in X and  they decrease  
dramat ica l ly  in  Y, and  increase  sl ightly in Z. 

The  mass  ba lance  o f  ions  be t w een  the sal t - t reated 
re fe rence  b lock  and  the poul t ice-ex t rac ted  b locks  (i.e. 
the sum of  ions  ext rac ted  and  de te rmined  in the  poul-  
t ice and  those  r e m a i n i n g  in sect ions  X, Y and  Z) was 
de t e rmined  us ing  a c o l u m n  of  grani te  (Figure 3) sub- 
j ec ted  to 1 c m  2 of  poul t ice  on  the  top face. The  dens i ty  
of  the grani te  used  was 1.77 g /cm 3 (Ifiigo et al., 1994) 
and  thus the  masses  of  parts  X, Y and  Z were  2.6, 
2.65 and  3.50 g, respect ively.  The  sum of  average  val-  

ues ext rac ted  per  c m  2 of  three  success ive  poul t ices  of  
bentoni te ,  the total  ion con ten t  r ema in ing  in parts  X, 
Y and  Z of  the co lumn  after  extract ion,  and  the total  
ion contents  of  parts  X, Y and  Z of  the re fe rence  col- 
u m n  are g iven  in Table 4 for me thods  D and  W, re- 
spect ively.  

The  sum of  ions  r ema in ing  in parts  X, Y and Z and  
the a m o u n t  ext rac ted  per  1 c m  2 of  poul t ice  (Table 4), 
is s l ight ly lower  than  the  values  found  for  the refer- 
ence  co lumns  under  D condi t ions ,  bu t  s l ight ly h igher  
under  W condi t ions .  This  smal l  error  is p robab ly  re- 
la ted to the fact  that  the concen t ra t ions  in parts  X, Y 
and  Z were  not  un i fo rm  (a decrease  in salt  concent ra -  
t ion upwards  is expected) ,  and  th inner  slices were  not  
poss ib le  wi th  the saw avai lable.  

To genera l ize  the resul ts  of  the p resen t  work,  a sta- 
t ist ical  s tudy us ing  a M A N O V A - b i p l o t  in  three  for- 
mats  was used. 

Ions extracted by the clay poultices. The M A N O V A -  
biplot  analys is  pe r fo rmed  gave  a global  resul t  (Wilks '  
l ambda)  of  p < 0.05. Di f fe rences  occur  be tween  the 
average  amount s  o f  salts adsorbed  by  the poul t ices  in 
the four  groups  compared .  The  absorp t ion  o f  iner t ia  o f  
the  first three  factorial  axes  is 100%, that  o f  the first 
p lane  be ing  88.39%. Dif fe rences  were  detected in the 
first three axes: p < 0.01, p < 0.01 and  p < 0.05, 
respect ively.  

F igure  8 shows  the M A N O V A - b i p l o t  represen ta t ion  
on  the first factorial  plane.  The  first axis d i sc r imina tes  
the B W  f rom the r e m a i n i n g  samples ,  due to its h igher  
salt content .  The  second axis d i sc r imina tes  the extrac-  
t ions pe r fo rmed  under  D condi t ions  f rom those  per- 
fo rmed  unde r  W condi t ions .  Al l  the var iab les  are h igh-  
ly correlated.  On  pe r fo rming  ind iv idua l  A N O V A  anal-  
ysis on  each  init ial  var iable ,  d i f ferences  at p < 0.05 
were  only  found  in C1- for  the th i rd  poul t ice ,  and  in 
SO42- for  the second and  third poul t ices  ( shown in bo ld  
type in F igure  8). 

Ions remaining in parts X, Y and Z of  the block after 
extraction by poultices under D conditions. Globa l  
analys is  of  the amoun t s  of  salts r ema in ing  unde r  D 
condi t ions  (Wilks '  l ambda)  gave  p < 0.01. The  ab- 
sorpt ion of  iner t ia  of  the  first factorial  p l ane  is 94.27%. 
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Figure 5. Amount of anions extracted (meq/cm 2) by application of three successive poultices of bentonite (average values 
of three blocks) under D and W conditions. 

The  first two axes  show a p va lue  of  <0 .01 .  The  in- 
d iv idual  A N O V A  analys is  of  the  four  var iables  show 
p > 0.05. 

F igure  9 shows  the  represen ta t ion  o f  the first fac- 
torial  plane,  where  on ly  the average  (centra l  points)  of  
the groups  are represented.  T he  first axis d i sc r imina tes  
the salt  con ten ts  in  parts  Y and  Z of  the  b locks  af ter  
ext rac t ion  wi th  ben ton i t e  poul t ices  ( B Y  and  BZ,  re- 
spect ively)  f rom the  salts r ema in ing  in all three  parts  
(X, Y and  Z) af ter  ex t rac t ion  wi th  sepiolite.  The  sec- 
ond  axis d i sc r imina tes  B Z  f rom BY. This  d iscr imina-  
t ion  is re la ted  to the salt  conten ts  in par t  Z and  it is 
m u c h  h igher  than  in par t  u 

Ions remaining in parts X, Y and Z o f  the blocks after 
extraction by poultices under W conditions. In the 
g lobal  analysis ,  the  amount s  of  salts r ema in ing  in W 
samples  showed  no d i f fe rences  compared  to the  av- 
e rage  values  of  the six groups  (Wilks '  l ambda  wi th  p 

> 0.05). The  same analys is  showed  a p va lue  of  0.05 
for the or iginal  var iables .  

D I S C U S S I O N  

The  total  a m o u n t  of  ions  ext rac ted  wi th  three  suc- 
cess ive  poul t ices  is cons iderab ly  h ighe r  unde r  W than  
unde r  D condi t ions .  The  rat io  be tween  the average  
amount s  ext rac ted  unde r  W and D condi t ions  wi th  
ben ton i t e  poul t ices  is C1- 5.00; NO~ 5.92; and  SO4 z- 
7.59. U n d e r  W condi t ions  the  ions migra te  toward  the 
surface  by  wate r  flow; unde r  D condi t ions ,  mobi l i za -  
t ion of  ions  occurs  in  the wet  par t  by  d i f fus ion  f rom 
the  poul t ice ,  and  be low a cer ta in  depth,  the ex t rac t ion  
effect  is zero. The  ion conten ts  in  par t  Z o f  the  b locks  
are the same  as in the  re fe rence  co lumn.  

The  amoun t s  ex t rac ted  wi th  the  th i rd  poul t ice  are 
smal l  at <0 .01  m e q / c m  2 in the b locks  t rea ted  unde r  
D condi t ions .  Thus,  only  two ext rac t ions  are necessa ry  

Table 2. Amount of anions (meq/cm 2) extracted by three successive poultices of sepiolite (average values and standard 
deviations of three assays) under D and W conditions. 

1st 2nd  3rd l s U 2 n d  ls f f3rd  

C1- 0.019 (0.003) 
NO~ 0.016 (0.004) 
SO42- 0.026 (0.005) 

C1 0.085 (0.018) 
NO~ 0.042 (0.017) 
SO42- 0.175 (0.034) 

D Conditions 
0.011 (0.003) 0.005 (0.002) 1.691 4.070 
0.009 (0.002) 0.003 (0.001) 1.794 6.160 
0.014 (0.004) 0.005 (0.001) 1.926 5.450 

W Conditions 
0.057 (0.007) 0.032 (0.001) 1.486 2.684 
0.046 (0.006) 0.035 (0.007) 0.913 1.205 
0.077 (0.014) 0.054 (0.003) 2.291 3.275 
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Figure 6. Amount of anions extracted (meq/cm 2) by application of three successive poultices of sepiolite (average values of 
three blocks) under D and W conditions. 

under  this condit ion for efficient desalting of  the surface. 
In extractions performed trader W conditions,  the third 
poultice still extracts appreciable amounts  of  ions, espe- 
cially suffate ions, which  may  reach 0.14 meq /cm 2. Un-  
der  D condi t ions ,  the salt  con ten ts  r ema in ing  in the 
b locks  af ter  the  appl ica t ion  of  the  three  poul t ices  are 
smal le r  in  par t  X than  in Y, and  smal le r  in  par t  Y than 
in Z. In par t  Z, the  salt  con ten t  is the  same before  and  
af ter  extract ion,  sugges t ing  that  at this  dep th  ( > 3  cm)  
the  poul t ices  have  no  effect.  

W h e n  ext rac t ion  is pe r fo rmed  under  W condi t ions ,  
the greates t  concen t ra t ions  of  salts r ema in  in par t  X 
and  the  smal les t  in  par t  Z. The  cons tan t  flow of  water  
dur ing  the  p rocess  carr ies  the salts toward  the surface  
and  the ion conten ts  are apprec iab ly  h igher  in par t  A 
af ter  the ex t rac t ion  process  than  before,  especia l ly  sul- 
fate (Figure 7). This  resul t  p robab ly  occurs  because  of  
the low mobi l i ty  of  this  doubly  va len t  anion,  wh ich  is 
diff icult  to r e m o v e  by  s imple  phys ica l  adsorpt ion.  

Table 3. Amount of anions (meq/g stone) remaining in parts X, 
Y and Z of a lcm2-base column of granite after successive ap- 
plication of three bentonite poultices under D and W conditions. 

X Y Z R e f e r e n c e  

D Conditions 
C1 - 0.027 0.029 0.054 0.054 
NO~ 0.024 0.025 0.054 0.054 
SO42- 0.054 0.085 0.119 0.119 

W Conditions 
C1 0.046 0.015 0.013 0.054 
NO~ 0.049 0.013 0.011 0.054 
SO42 0.132 0.022 0.041 0.119 

Thus,  an ex t rac tan t  that  wou ld  trap this  ion by  ion 
exchange  is more  suitable.  The  use  of  hydrota lc i tes  
(anionic  clays)  unde r  the condi t ions  repor ted  by  Tru- 
j i l l ano  et aL (1998)  is r e c o m m e n d e d .  

Appl ica t ion  of  two consecu t ive  ben ton i te  poul t ices  
under  sl ightly humid ,  re la t ively  d ry  condi t ions  (pro- 
tocol  D) is suff icient  to reduce  the salt  con ten t  in gran-  
ite to acceptable  values.  This  is suppor ted  by  compar-  
ison of  the amount s  of  C1- and  NO3 extrac ted  by  the 
first and  thi rd  poult ices.  

W h e n  ext rac t ion  is pe r fo rmed  unde r  ve ry  h u m i d  
condi t ions  (protocol  W),  the amount s  ext rac ted  wi th  
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"~ 0.06 
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Figure 7. Amount of anions (meq/cm 2) remaining in parts 
X, Y and Z of the blocks after application of three successive 
poultices of bentonite (average values for three blocks) under 
D and W conditions. 
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Table 4. Total amount of ions remaining in parts X, Y and 
Z of a 1 cm2-base column after extraction with poultices. Ions 
extracted by three successive poultices, sum of X + Y + Z 
+ extracted and total ions in parts X, Y and Z of the reference 
column. 

Extr. + X + 
X Y Z Extr. Y + Z Reference 

D Conditions 
CI 0.072 0.078 0.195 0.061 0.411 0.480 
NO 3 0.065 0.066 0.192 0.050 0.371 0.491 
SO42 0.143 0.022 0.423 0.073 0.864 1.050 

W Conditions 
e l -  0.122 0.041 0.045 0.331 0.538 0.480 
NO; 0.131 0.034 0.040 0.294 0.499 0.491 
SO42- 0.394 0.059 0.143 0.553 1.104 1.050 

three  success ive  poul t ices  are rough ly  equivalent .  In 
the  case  of  walls  subjec ted  to h igh  humidi ty ,  the  mi-  
gra t ion  o f  salts to the  surface  is e n h a n c e d  because  so- 
lu t ions  con t inuous ly  a l low salts to m o v e  to the surface.  
Thus,  desa l t ing  by  poul t ices  is not  appropr ia te  in this  
case. 

C o m p a r i n g  the  amoun t s  ex t rac ted  by  sepiol i te  and  
those  by  ben ton i t e  under  the same  condi t ions  shows  
tha t  ben ton i t e  poul t ices  ext rac t  about  twice  as m u c h  
of  the  sal t  content .  

C o m p a r i s o n  o f  the  ini t ial  ion conten ts  in the  b locks  
wi th  those  r ema in ing  in zones  1.5, 1.5 and  2 c m  be low 
the surface after  the  extract ions ,  ind ica tes  tha t  unde r  
l ow-humid i ty  condi t ions  the ni t ra te  and  chlor ide  con-  
tents  f rom the  surface  to a dep th  of  3 c m  decrease  
signif icantly.  By contrast ,  unde r  h igh -humid i ty  condi-  
t ions,  the contents  at the  surface are s imi lar  to the  
init ial  C1- and  NO~ conten t s  and  15% greater  than  the 
or ig ina l  SO 2- content .  F igure  9 shows  that  the  amoun t  
of  sulfate ions remain ing  1.5-3 cm be low the surface 
is significantly smaller  than that  present  3 -5  cm be low 
the surface. 

U n d e r  h i g h - h u m i d i t y  c o n d i t i o n s ,  no  d i f f e r e n c e s  
(p > 0.05) were  o b s e r v e d  be tween  the average  
amoun t s  o f  ions r ema in ing  in zones  at  three  d i f fe rent  
dep ths  be low the  surface.  This  conf i rms  that  desa l t ing  
wi th  poul t ices  unde r  h u m i d  condi t ions  is no t  advis-  
able.  

1 

0.5 

r o 

,< 

-0.5 

-1 

-1.5 

-2 

+ 

+ + 

SW~ + 
* �9 

s r 
lm 
~r 

* BD �9 
�9 �9 

w 

n 

~ B W  �9 

.~ .lr k i o ~ 
A x l s  I 

VARIABLES S Y M B O L S  

Ions of e l -  extracted with the first, second, and third poultice e l ,  C2, and C3 

Ions of  NO 3- extracted with the first, second, and third poultice NI, N2, and N3 

Ions of  SO4 2" extracted with the first, second, and third poultice S l ,  $2, and $3 

GROUPS SYMBOLS 
Label Central points Elements 

Sepiolite under wet conditions S W  �9 + 

Sepiolite under dry conditions S D  ~ gr 

Bentonite under wet conditions B W  �9 �9 

Bentonite under dry conditions B D  �9 �9 

Figure 8. MANOVA-biplot representation on the first factorial plane (ions extracted by the clay poultices). 



234 Vicente and Vicente-Travera Clays and Clay Minerals 

0.8 ~ 

0.6 r- 

0.4 

SX 

0.2 

O - -  

-0.2 ~ SY 

-0.4 

-0.6 

BX 

SZ 

_ i _ _  I t 
-0.5 0 015 

a x i s l  

! 
! 

A 

B Z ~  

VARIABLES SYMBOLS 

Ions of Cl" remaining in part X, Y, and Z of the block after extraction Cl" 

Ions of NO 3- remaining in part X, Y, and Z of the block after extraction NO 3" 

Ions of SO4 2" remaining in part X, Y, and Z of the block after extraction SO4 2" 

[ Ions of  Na + remaining in part X, Y, and Z of the block after extraction Na + 

GROUPS SYMBOLS 
Label Central points 

Sepiolite remaining in part X S X  

Sepiolite remaining in part Y S Y  

Sepiotite remaining in part Z S Z  )~ 

Bentonite remaining in part X BX 
Bentonite remaining in part Y BY 
Bentonite remaining in part Z BZ 

Figure 9. MANOVA-biplot representation on the first factorial plane (ions remaining in parts X, Y and Z of the block after 
extraction by poultices under D conditions). 

A C K N O W L E D G M E N T S  

The authors thank J.M. Ordax and A. Gonz~ilez for tech- 
nical help, and Prof. V. Rives for critical reading of the man- 
uscript. The TOLSA company is thanked for providing the 
clays used. The reviewers' comments were also very helpful. 
Financial support by the CICYT (SEC 95-0793) and Minis- 
terio de Educacion y Cultura (1FD97-0417) is acknowledged. 

R E F E R E N C E S  

Arnold, A. (1996) Alteration et conservation d'oeuvres cul- 
turelles en matrriaux poreux affect6s par des sels. Pp. 
1-20 in: Le dessalement des materiaux poreux. Darantier, 
France. 

Bromblet, E and Verges-Belmin, V. (1996) L'61imination des 
sulfates sur la statuaire calcaire de plein air: un habitude 
discutable. Pp. 55-64 in: Le dessalernent des materiaux po- 
reux. Darantiere, France. 

Evans, I.S. (1970) Salt crystallisation and rock weathering: 
A review. Revue G~omorphologie Dynamique, 19, 153- 
177. 

Gabriel, K.R. (1971) The biplot-graphic display of matrices 
with applications to principal component analysis. Biome- 
trika, 58, 453-467. 

Gabriel, K,R. (1972) Analysis of meteorological data by 
means of canonical decomposition and biplots. Journal of  
Applied Meteorology, 11, 1071-1077. 

Gabriel K.R. (1995) MANOVA biplots for two-way contin- 
gency tables. Pp. 227-268 in: Recent Advances in Descrip- 
tive Multivariate Analysis (W. Krzanowsky, editor). Clar- 
endon Press, Oxford, England. 

Galindo, M.P. (1986) Una alternativa de representacion si- 
multanea: HJ-Biplot. Qiiestiir, 1, 13-23. 

Garc/a-Taleg6n, J., Ifiigo, A.C., Vicente, M.A., Vargas, M., 
Prrez-Rodriguez, J.L. and Molina, E. (1994) Granites em- 
ployed in Avila (Spain). I: Chemical composition of the 
differents types. Materiales de Construccirn, 44, 23-28. 

Garc/a-Taleg6n, J., Vicente, M.A. and Molina, E. (1999) De- 
cay of granite monuments due to salt crystallization in a 
non-polluted urban environment, Materiales de Construc- 
ci6n, 49, 17-27. 

Gower, J.C. and Hand, D.J. (1996) Biplots. Chapman & Hall, 
London, 277 pp. 



Vol. 49, No. 3, 2001 Poultices in Salt Extraction 235 

Ifiigo, A.C., Garcia-Taleg6n, J., Vicente, M.A., Vargas, M., 
P6rez-Rodrfguez, J.L. and Molina, E. (1994) Granites em- 
ployed in Avila (Spain). II: Petrophysical characteristics. 
Materiales de Construccidn, 44, 28-37. 

Ling, D. and Smith, S. (1996) To desalinate or not to desa- 
linate? That is the question. Pp. 65-74 in: Le Dessalement 
des Materiaux Poreux. Darantiere France. 

NORMAL (1983) Dosaggio dei sali solubil. M. Nimmo-ICR, 
Roma 13/83, Italy. 

Simon, S., Herm, C., Porst, A. and Pursche, J. (1996) Desa- 
lination and control of salt transport phenomena experienc- 
es with compress renderings in the ring crypt of St. Em- 
meram, Regensburg. Pp. 147-159 in: Le Dessalement des 
Materiaux Poreux. Darantiere France. 

Trujillano, R., Vicente, M.A. and Rives, V. (1998) Utilizaci6n 
de arcillas cati6nicas y ani6nicas en la limpieza y desalado 
del Patrimonio Hist6rico. Pp. 192-194 in: Congreso Inter- 
nacional de rehabilitacidn del Patrimonio Histdrico, Libro 
de Actas, La Habana, Cuba. 

Vicente, M.A. (1994) Granitic materials and historical mon- 
uments: Study of the factors and mechanisms of weathering 
and application to historical heritage conservation. Pp. 4 -  

45 in: Degradation and Conservation of  Granitic Rocks in 
Monuments. (M.A. Vicente, J. Delgado-Rodrigues and J. 
Acevedo, editors). D.G.XII Science, Research and Devel- 
opment, Brussels. 

Vicente, M.A. (1996) The role of salt crystallization in the 
degradation processes of granite monuments. Pp. 147-155 
in: Origin, Mechanisms and Effects of  Salts on Degrada- 
tion of  Monuments in Marine and Continental Environ- 
ments (E Zezza, editor). Tecnomack, Bari, Italy. 

Vicente-Villardon, J.L. (1992) Una alternativa a los m6todos 
factoriales cl~isicos basada en una generalizaci6n de los m6- 
todos biplot. Ph.D. thesis, Univ. Salamanca, Salamanca, 
Spain, 248 pp. 

Weber, J., Leitner, H., Gaggl, W. and Szambelan, R. (1996) 
Crystallization of sulphate salts induced by selective salt 
extraction by poultices: Results from a case study. Pp. 167- 
181 in: Origin, Mechanisms and Effects o f  Salts on Deg- 
radation of  Monuments in Marine and Continental Envi- 
ronments (E Zezza, editor). Tecnomack, Bail, Italy. 
E-mail of corresponding author: svt@gugu.usal.es 
(Received 27 December 1999; revised 11 October 2000; 

Ms. 416; A.E. Jessica Elzea Kogel) 


