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Abstract

The aim of this work is to characterize the main pathologies caused by salt crystallization in
granitic monuments (crugts, salt efflorescence, disaggregation and disaggregation with salt
efflorescence). Water soluble ions were determined quantitatively. Using the Canonical Biplot
multivariate method it was determined that: a) there is a relationship between the content of
water soluble salts and the different identified pathologies; b) sulphate and NOs, Cl, Ca®,
Mg?, K* and Na* ions are the major components of salt efflorescence; c) carbonate isa major
component of the crust; and d) the disaggregated granites, with or without salt efflorescence,
have a low proportion of soluble salts but no predominant ion composition.
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Introduction

One of the most general and aggressive pathologies present in monuments is due to salt
crystallization processes [1-11], where damage to rocks is caused by creep-fatigue interaction.
The most common salts present in buildings are sulphates, nitrates, phosphates, chlorides,
carbonates, etc. The presence of such water soluble salts is usually caused by environmental
pollution [12] and groundwater [13] or mobilized from the mortar [14]. All of these aspects
should be taken into account in civil engineering studies regarding the restoration and
conservation of monuments with historical interest.

One way to avoid the damage caused by the crystallization of water soluble salts is by
using non-aggressive methods, such as the application of poultices of sepiolite clay [15-18].
Another possible action is the formation of water-insoluble salts that do not move, thus
avoiding creep-fatigue interaction damage caused by the presence of these salts in the rocks
[13].

B. Fitzner et al. [19] defined a classification system for pathologies present in
monuments, and among these pathologies is the crystallization of soluble salts. In this
classification, B. Fitzner et al. [19] considers salt efflorescence as layers or crystal aggregates of
water-soluble salts, whitish and not very consistent, which forms on the surface of porous stone.
This occurs due to the migration and evaporation of water containing soluble salts.
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Crusts are sheets or shells of coherent material, which are formed on the outside of a
rock surface of a transformation product. Its chemical, mineralogica and physical
characteristics are partially or completely different from that of stone substrate. Generally crusts
develop in layers and are distinguished by their morphological features and hardness.

Disaggregation is the physical alteration that produces material decohesion. Thisis due
to the components of the stone breaking up and falling off. In this case, disaggregation is due to
the crystallization of soluble salts, cooling-thawing phenomena and thermal shock. All of these
processes are typical of the climate of the area in which the Aqueduct of Segovia is situated
(semiarid continental climate with low atmospheric pollution) [5, 20] and are generally
accompanied by salt efflorescence visible to the human eye [11].

In this study, we have taken samples of crust, salt efflorescence and disaggregated
granite, with or without visible salt efflorescence from the base of different columns of the
Aqueduct of Segovia. We analysed ions of the water soluble salts to quantitatively identify the
presence of each of these forms of alteration (creep-fatigue interaction between granites and salt
solutions in water by capillary).

Materials and methods

The stone material studied, exhibiting granitic pathologies, corresponds to the following
varieties: @) Ortigosa del Monte, b) La Granjaand ¢) Magullo. Using XRD, it was determined that
all contain the following minerals: 8 Quartz, b) Feldspar, c) Plagioclase and d) Micas [21-23]. All
have very low porosity, imbibition capacity and a capillary absorption coefficient (Table 1).

Table 1. Hydric properties of quarry samples

Sample OoP TP AC RD AD IC CAC
oQ 1.96 2.39 83 2.65 2.59 0.78 0.000128
GQ 0.74 0.95 79 2.65 2.63 0.30 0.000063
MQ 0.70 0.86 81 2.69 2.66 0.27 0.000052

OP = Open Porosity (%, according to [21]), TP = Total Porosity (%, according to [23]), AC =
Absorption Coefficient (%, according to [21]), RD = Reel Density (g/cm?, according to [23]), AD
= Apparent Density (g/cm?®, according to [21]), IC = Imbibition Capacity (%, according to [24]),
CAC = Capillary Absorption Coefficient (g/cm?s5, according to [23]).

OQ: Ortigosadel Monte quarry; GQ: La Granjaquarry; MQ: Magullo quarry.

The Ortigosadel Monte materia corresponds to a sienogranite, La Granjato a monzogranite
and Magullo to a granodiorite. This classification was made using the results of the chemical
analysis of the mgjor elements in the three granites. We classified the three varieties according to
the CIPW normative calculation (Q’-ANOR’) [25]. Magullo was the variety with the most calcic
plagioclases (anorthite) and the Ortigosa del Monte materia had the most sodic plagioclases[21].

Sampling was performed on the surface of the granite blocks, and the salts were
collected using a brush without damaging the rocks. The crust and salt efflorescence samples
were situated on the sides of the columns receiving sunlight, and the disaggregated samples,
with or without efflorescence, were on the shaded parts of the columns. The data of the anions
and cations are shown in Table 2.

The soluble salts were dissolved in distilled water according to the method used by A.C.
Ifigo et al. [26]. Once the solutions were prepared, they were quantitatively analysed as
follows:

a) Usingion chromatography (instrument: Metrohm 709 |C pump, 732 |C Detector, 733 1C
separation centre, suppression module MSM and peristaltic pump Metrohm IC 752), to
detect chloride, nitrate, phosphate and sulphate anions.

b) Atomic absorption (instrument: VARIAN SpectrAA FS 3320 - 1475) to detect cations
Na*, K*, Ca?*, Mg?, etc.

c) The Calcimeter Bernard Method to detect calcium carbonates.
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d) Using the model CON 6/TDS 6 (OAKTON house) we analysed the conductivity of the
sample solutions.

Table 2. Chemical composition of the quarry and monument samples selected.

Calcimeter

Samplesfrom Atomic absorption lon chromatography Conductivity Bernard

(meq/100 g of sample) (meq/100 g of sample) us) M ethod
each group (%)

Ca®* Mg*® Na' K* Cl- NOs; PO SO/Z  Conductivity CaCO3
oQ 139 070 068 104 008 003 019 0.24 1348  2.02
oQ 118 060 061 110 007 003 017 0.23 1313 210
oQ 124 063 065 102 006 002 015 0.25 1328  2.06
GQ 174 062 053 097 008 003 003 0.15 1362  2.00
GQ 169 069 050 090 007 003 002 0.12 1350 1.98
GQ 178 065 055 101 009 002 0.03 0.16 1370 201
MQ 112 083 053 092 015 005 005 0.17 1202  0.00
MQ 108 080 055 095 012 004 005 0.16 12.06  0.00
MQ 115 087 052 092 016 005 004 0.19 1203  0.00
Cc 1796 756 0.30 295 030 035 012 0.44 50.17 96.34
C 1800 1155 059 258 042 096 008 1501 90.23 9593
Cc 18.04 1554 0.8 220 054 157 003 2558 12629 91.20
Cc 1719 1106 056 230 038 093 007 1368 88.90 94.46
E 32.89 42002 536 76598 526 3497 088 53810 59795  3.70
E 187.35 12357 1245 412 502 807 160 37081 616.77  1.22
E 7216 14142 4853 51348 998 3589 047 29523 617.00 247
E 36.24 61099 1333 49029 659 2059 071 799.73 118800 755
E 46.48 289.07 1401 118796 6.99 1764 022 41105 79160 1240
D 10.27 4888 7.79 261 454 1149 009 6858 21281 164
D 476 1569 4.86 242 354 658 056 2146 8819 181
D 391 184 358 28 169 319 073 8.06 4718 119
D 391 905 273 257 272 565 106 7.35 5422 204
D 094 297 536 163 520 601 0.36 1.86 3856 235
DE 1729 946 894 1273 491 509 1057 2191 10581 240
DE 2196 618 243 588 305 358 028 9.37 7330 5.60
DE 998 921 1411 791 330 628 020 36.10 11922 122
DE 1978 794 332 422 268 525 042 3851 12971 158
DE 1745 1453 1592 3290 1062 527 4139 3.65 101.00 123
DE 1168 689 581 846 283 320 690 1532 7810 1.80

OQ: Ortigosa del Monte Quarry, GQ: La Granja Quarry, MQ: Magullo Quarry, C: Crust, E: Sdt efflorescence, D: Disaggregation, DE:
Disaggregation with salt efflorescence.

The Canonical Biplot multivariate method was used in the statistical analysis of the
results.

Classical biplot methods [28] allow joint plots of rows and columns of the sample
variables within a data matrix in a reduced dimension subspace. There are essentially two types
of classical biplots: GH-Biplot = CMP-Biplot (Column Metric Preserving-Biplot), which leads
to a high quality for variables, and JK-Biplot = RMP-Biplot (Row Metric Preserving), which
leads to a high quality for rows. The results are summarized on severa factor planes, where the
variables are represented as vectors that start out from a hypothetical origin and the rows as plus
(+). If two variables are represented with a very small angle then the variables are highly
correlated, if they are opposite their correlation is inverse. Additionally, if the angle is close to
perpendicularity, their correlation is minimum. On projecting all the star markers
perpendicularly onto the directions of any of the variables, the order of the projections in the
direction of those variables is equivalent to the row value on that variable. Nearby star markers
are interpreted as similarity and far away star markers as dissimilarity. Several measurements
are necessary for a correct Biplot interpretation (Relative Contribution of the Factor to the
Element and the Quality of Representation) [29-30].
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The Canonical Biplot is a complementary method to MANOVA analysis (Multivariate
Analysis of Variance), but it includes all the characteristics of the Biplot method [28], which is
aimed at discriminating the set of groups of previously established populations. This technique
was later developed and completed by M.P. Galindo and C. Cuadras [29], J.L. Vicente-
Villardon [30] and I.R. Amaro et al. [31], and applied to the field of cultural heritage
conservation by M.J. Varas et al. [32] and A.C. Ifiigo et al. [33].

Canonical Biplot results are summarized on several factor planes, where the variables
are represented as vectors and the means of the different groups as stars (*) surrounded by
confidence circles and the matrix rows as plus (+). If two confidence circles are projected
perpendicularly on one of the variables and the intervals of both projections do not overlap, this
is the same as saying that there are differences between both means (Students’ t test); the
amplitudes of the circles will depend on the significance, a, determined (MSD, Bonferroni
corrections, etc.).

The Canonical Biplot method was applied to a matrix consisting of 29 rows (20 samples
from the monument and 9 from de quarries) and 10 columns (Chemical composition ions and
conductivity variables). The rows were divided into 7 groups (populations) with specific
characteristics:

Quarry granites: Ortigosa del Monte (OQ), La Granja (GQ) and Magullo (MQ).
Types of pathologies: Efflorescence (E), Crust (C), Disaggregation (D) and
Disaggregation + efflorescence (DE).

Results and discussion

After application of the multivariate Canonical Biplot technique, we obtained a Wilk’s
lambda of 26.07 (p < 0.001), which can be interpreted as though there were differences among
the means of the joint measurements of the populations (groups) for all the variables. Regarding
the absorption of inertia, the first two axes absorbed 99.89% of the total inertia.

In Figure 1, plane 1-2, we can clearly distinguish the different groups established, and
there is a high positive correlation between almost all salts. Only carbonates (perpendicular) and
phosphates (low quality representation) are not correlated.
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Fig. 1. Canonical Biplot representation on the plane 1-2.
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The specific analysis of each group is as follows:

Quarry groups: OQ and GQ are completely overlapping and separated from Magullo
MQ. In addition, they are in close proximity and contain very few ions of soluble sdlts in
comparison with monument samples.

Crusts (C): These samples are characterized by large quantity of carbonates (over 90%)
and very little of the other salts. In the specific correlations in this group we can see there is an
inverse relationship between carbonates and most other salts, for example: SO4* (r = -0856),
NOs (r =- 0.899), Cl- (r = - 0.880), Na' (r = - .897), Mg?* (r = - 0.897).

Thisis possibly due to the last restoration carried out on the building, when lime mortar
was used for maintenance and reconstruction in some sections and subsequent leakage of the
channel through which water flows.

Saline efflorescence (E): These samples are mainly comprised of sulphates and other
ions (Cl, NOg, Ca**, Mg?, K* and Na*) with high conductivity and low concentrations of
carbonates.

Disaggregated samples from granites (D): This group overlaps with the group of
samples OQ and GQ. Thisis due to the low content of soluble salts.

Disaggregated samples from granites with salt efflorescence (DE): These are
characterized as having a low concentration of soluble salts, but do not contain predominant
salts such as sulphates (salt efflorescence) or carbonates (crusts). This occurs because in the
dissolving process the weighed sample contains granite minerals, with no soluble salts.

Conductivity data analyses (Table 2) confirmed the above results because samples with a
higher content of soluble salts have higher conductivity.

Moreover, we observed there was a high positive correlation between all salts, except for
the carbonates that appear perpendicular (near O correlations). By contrast, the phosphates
showed a negative correlation, but had alow quality of representation Table 3.

Table 3. Correlation matrix for total variables

ca* Mg* Na K* Cl NOs PO+ SO/  Conductivity CaCOs;
C& | 100 035 047 027 044 040 001 054 059 -0.01
Mg® | 035 100 035 077 049 075 -007 098 093 -0.09
Na© | 047 035 100 046 08 074 022 045 056 -0.22
K* 027 077 046 100 053 077 -007 076 0.77 -0.09
cr 044 049 080 053 100 073 053 054 063 -0.29
NO; | 040 075 074 077 073 100 -002 078 0.78 -0.20
POZ | 001 -007 022 -007 053 -002 100 -0.09 -0.05 -0.12
SO | 054 098 045 076 054 078 -009 100 097 0.12
Ct?\:(:;c 050 093 056 077 063 078 -005 097 1.00 -0.08
CacO; | -001 -009 -022 -009 -029 -020 -012 -012 -0.08 1.00
(N=29)

In this analysis there are two groups (E and C) which are clearly different from the rest.
Thus, they were excluded from the analysis in order to obtain a better interpretation.

After application of the multivariate Canonical Biplot in the second analysis, we
obtained a Wilk’s lambda of 14.56 (p < 0.001), where the first two axes absorbed 97.80 % of
the total inertia.

In Figure 2 (second analysis, plane 1-2), we observed differences between groups D and
DE for al variables (p < 0.05). These differences were due to DE presenting higher values than
D.
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Fig. 2. Canonical Biplot representation on the plane 1-2 without crusts (C) and salt efflorescence (E)

Conclusions

The application of the multivariate Canonical Biplot method to data originating from the
chemical analysis of the samples allowed us to make the following conclusions:

a) The composition of water soluble salts and their conductivity can be associated with the
type of pathology presented in a building due to creep-fatigue interaction (salt
efflorescence, crusts and disaggregation with visible or not salt efflorescence).

b) Sulphate and Cl-, NOg, Ca*, Mg?*, K* y Na* ions are usually the main components of
the salt efflorescence, while crusts are made up of carbonate.

c) There are disaggregated granite samples, with or without salt efflorescence, that are
intermediate (with fewer soluble salts) between crusts and salt efflorescence.

d) The above conclusions allow us to better diagnose the type of pathology on the
monument, which can facilitate future restorations and conservation interventions.
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