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5. Chapter 5 - Damage evaluation using damage functions

5.1.  Surface Recession 

In order to predict the possible surface recession that can interest the materials belonging to the sites 
under study, the Lipfert function modified, according to Bonazza et al. (2009b), has been applied as 
follows: 

L=K1, 2· R 
Where: 
L:  surface recession per year (μm year-1) 
K1: 18.8 intercept term based on the solubility of CaCO3 in equilibrium with 330 ppm CO2 

(μm m-1) 
K2: 21.8 intercept term based on the solubility of CaCO3 in equilibrium with 750 ppm CO2 

(μm m-1) 
R:  precipitation (m year-1) 

We have utilized the rainfall data extracted from the monitoring stations and from the historic 
simulation of the models (for the past period), applying the K1 constant (18.8). While parameters 
collected from the scenarios have been used for the future predictions. 
Concerning the future, the surface recession predicted until the end of the century (2009-2100), has 
been obtained by utilizing the yearly total amount of precipitation from the Arpege scenarios FN2 
(RCP 8.5); FN3 (RCP 4.5) and FN4 (RCP 2.6), and the 2039-2068 period of EC-Earth simulation, 
corresponding to 8.5 scenario. For the future, it has to be underlined that the constants utilized are 
two: one is K1, the same utilized for the past situation, so equal to 18.8; while the other one is K2 = 
21.8, which represents the intercept term based on the solubility of CaCO3 in equilibrium with 750 
ppm CO2 (μm m-1), in order to enlarge the range and considering the most pessimistic situation. 
Moreover, since this function is valid only for carbonate rocks having a porosity lower than 25%, 
the following stones containing calcium carbonate and with accessible porosity percentage not 
exceeding 25, have been selected among the typologies present at the sites, as a representation of 
what kind of stones can be interested by this deterioration phenomenon (Fig. 5.1.1). 

Figure 5.1. 1. Histogram showing rocks containing carbonate, with accessible porosity lower than 25 %. 
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5.1.1. Panamá Viejo area 

Past 
At Panamá Viejo area (Long.-79.45; Lat.9.1), the surface recession of the past situation (1979-
2008) obtained by the data from monitoring stations shows a slight increase in the thirty years 
period, in both graphs (Fig. 5.1.2). The range is between 28-50 μm year-1, considering the mean of 
values of Hato Pintado (HP) and Tocumen (T), while in Balboa FAA the minimum is 23 μm year-

1and maximum is 54 μm year-1.  The EC-Earth climate simulation shows a trend of a small increase, 
with a tendency similar to the measured data, while the Arpege-FN1 model presents a light 
decrease. In both cases, the minimum and maximum values are generally overestimated, 
respectively 33-52 μm year-1 (EC-Eart point Long. -79.45, Lat. 9.1), 36-53 μm year-1 (Arpege-FN1 
point Long. -79.50; Lat 9.24), and 29-48 μm year-1 (EC-Earth: Long. -79.6, Lat. 8.9) and 25-56 μm 
year-1 (Arpege-FN1 point Long. -79.5; Lat. 8.74). 

 
Figure 5.1. 2. Surface Recession on carbonate stones in Panamá Viejo area (1979-2008). 

Applying the bias correction, the trend results similar to the previously illustrated ones, but the 
range describes better the surface recession obtained with the data collected from the monitoring 
stations, as shown in Table 5.1.1, where the average and the maximum and minimum values, of 
measured and simulated data, are listed and compared. 

Table 5.1. 1 Comparison among the average, minimum and maximum values obtained from the 30 years (1979-2008), between 
monitoring stations and model data of the Panamá Viejo area. 

 L = R*18.8 / μm year-1  
 Av. HP + T EC-Earth EC-Earth + fP Arpege-FN1 Arpege-FN1 + fP 
Average 36 43 38 44 38 

Minimum 28 33 29 36 31 
Maximum 50 52 46 54 46 
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Future 

In Panamá Viejo area (Arpege point Long.-79.50; Lat.9.24 and EC-Earth point Long. -79.45; Lat. 
9.1), the surface recession range is among ≈ 30 μm year-1, in the optimistic situation, and ≈ 70 μm 
year-1, if we consider the worst situation. Every Arpege simulations shows an increase over the 90 
years, while considering EC-Earth experiment, the tendency has a slight decrease (Figs. 5.1.3-4). 
This trend is present in each condition considered, so utilizing both constants and applying bias 
correction or not. Nevertheless, we have to take into account that it represents only the central 30 
years (2039-2068), of the entire Arpege period. 

 
Figure 5.1. 3. Future (2009-2100) surface recession simulations for the Panamá Viejo area,  

utilizing L = R*18.8, data without bias correction. 
 

 
Figure 5.1. 4. Future (2009-2100) surface recession simulation for the Panamá Viejo area,  

utilizing L = R*21.8, data without bias correction. 

In order to realize a more detailed comparison between the Arpege and EC-Earth simulation, it has 
been analysed the central period between 2039 and 2068 years (Tab. 5.1.2). It can be noticed that 
the values obtained by the application of L = R*21.8 are 6 to 8 μm year-1 higher than the one 
obtained by using L = R*18.8.  
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Table 5.1. 2. Comparison of the surface recession (L) values of average, minimum and maximum of the Arpege and EC-Earth 
simulations obtained for the future period, divided in 30 years, applying or not bias correction. 

  L = R*18.8 / μm year-1 L = R*21.8 / μm year-1 
 Arpege 

EC-Earth 
Arpege 

EC-Earth  FN2 FN3 FN4 FN2 FN3 FN4 
  + fP  + fP  + fP  + fP  + fP  + fP  + fP  + fP 

2009-2038 
Av. 47 40 46 40 48 41   54 47 53 46 55 47   

Min. 39 33 36 31 38 33   45 39 42 36 44 38   
Max. 57 49 54 47 59 51   66 57 63 54 69 59   

2039-2068 
Av. 46 40 47 40 46 39 45 39 54 46 54 47 53 46 52 46 

Min. 36 31 40 35 38 33 31 27 42 36 47 40 44 38 36 31 
Max. 58 50 56 48 58 50 59 52 68 58 65 56 67 58 69 60 

2069-2100 
Av. 51 44 49 42 48 41   59 51 57 49 55 47   

Min. 43 37 41 35 37 32   50 43 47 41 43 37   
Max. 62 54 57 49 55 47   72 62 66 57 64 55   

 

5.1.2. Area near Panamá Viejo  

Past 
Considering the area next to Panamá Viejo (covered by the Arpege point Long.-79.50; Lat.8.74 and 
EC-Earth point Long. -79.6; Lat. 8.9), the recession obtained by Balboa FAA data has a range with 
a minimum of 23 μm year-1 and maximum of 54 μm year-1, showing a slight increase in the thirty 
years period (1979-2008), as in the previous case. Both the simulations have the same trend 
observed at Panamá Viejo area, with the minimum and maximum values overestimated, 
respectively 29-48 μm year-1, EC-Earth: Long. -79.6, Lat. 8.9, and 25-56 μm year-1, Arpege-FN1 
point Long. -79.5; Lat. 8.74 (Fig. 5.1.5). 

 
Figure 5.1. 5. Recession on carbonate stones near Panamá Viejo area (1979-2008). 

Applying the bias correction, the range of surface recession obtained by the simulations describes 
better the surface recession with the data collected from the Balboa FAA monitoring stations 
(Tab.5.1.3), where the average and the maximum and minimum values, of measured and simulated 
data, are listed and compared. 
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Table 5.1. 3. Comparison among the average, minimum and maximum values obtained from the 30 years (1979-2008), between 
monitoring stations and model data of the area near Panamá Viejo. 

 L = R*18.8 / μm year-1  
 Balboa FAA EC-Earth EC-Earth + fP Arpege-FN1 Arpege-FN1 + fP 

Average 36 39 32 40 36 
Minimum 23 29 23 25 23 
Maximum 54 48 39 56 50 

Future 
In the future, the recession calculated with Arpege-FN2 and FN3 simulation shows a slight increase 
during the century, while with Arpege-FN4 and EC-Earth the situation is opposite, presenting a low 
decrease (Figs. 5.1.6-7). The range of surface recession average values obtained by applying K2 

constant shows a difference of 7-8 μm year-1 in comparison with the range calculated through the 
utilization of K1 constant. While, considering the differences between the situation without bias to 
the condition corrected, the range shows a decrease of 4-5 μm year-1 for the predictions obtained 
with Arpege, and of 7-9 μm year-1 for the predictions obtained with EC-Earth (Table 5.1.4). 

 
Figure 5.1. 6. Future (2009-2100) surface recession simulations for the simulation for the area near Panamá Viejo,  

utilizing L = R*18.8, data without bias correction. 

 
Figure 5.1. 7. Future (2009-2100) surface recession simulations for the simulation for the area near Panamá Viejo,  

utilizing L = R*21.8, data without bias correction. 
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Table 5.1. 4. Comparison of the surface recession (L) values of average, minimum and maximum of the Arpege and EC-Earth 
simulations obtained for the future period, divided in 30 years, applying or not bias correction. 

  L = R*18.8 / μm year-1 L = R*21.8 / μm year-1 
 Arpege 

EC-Earth 
Arpege 

EC-Earth  FN2 FN3 FN4 FN2 FN3 FN4 
  + fP  + fP  + fP  + fP  + fP  + fP  + fP  + fP 

2009-2038 
Av. 45 40 43 38 45 40   52 46 50 44 53 47   

Min. 32 28 26 23 31 27   37 33 30 26 36 32   
Max. 62 55 53 47 58 52   72 64 61 55 68 60   

2039-2068 
Av. 46 41 45 40 44 39 46 37 53 47 53 47 51 45 53 43 

Min. 31 28 24 21 30 27 32 26 36 32 28 25 35 31 37 30 
Max. 60 54 59 53 57 50 59 48 70 62 69 61 66 58 69 56 

2069-2100 
Av. 55 49 49 43 45 40   63 56 56 50 52 46   

Min. 40 36 35 31 28 25   46 41 41 36 32 29   
Max. 67 60 59 53 58 51   78 69 69 61 67 60   

 

5.1.3. Area near San Lorenzo 

Past 
In the area in the proximity of San Lorenzo (Long.-79.85, Lat. 9.3), covered by the following 
points: EC-Earth Long.-79.85; Lat. 9.3; and Arpege-FN1 Long.-80.00; Lat. 9.24, the average of 
monitoring stations data has been compared to the simulated one. Although the measured data 
shown some peaks of minimum and maximum values quite different from the model experiments, 
the range of values and the tendency is quite well represented by EC-Earth model (Fig. 5.1.8 and 
Tab. 5.1.5). 

 
Figure 5.1. 8. Surface Recession on carbonate stones near San Lorenzo area (1979-2008). 

Table 5.1. 5. Comparison among the average, minimum and maximum values obtained from the 30 years (1979-1998), between 
monitoring stations and model data of the area near San Lorenzo. 

 L = R*18.8 / μm year-1  
  Av. G+CCL EC-Earth EC-Earth + fP Arpege-FN1 Arpege-FN1 + fP 
Average 35 44 55 32 55 

Minimum 80 61 45 48 45 
Maximum 35 44 63 32 67 
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Future 
Considering the future, the surface recession obtained by all Arpege simulations shows an increase 
during the entire century, while the one calculated with EC-Earth experiment has a slow decrease 
(Figs. 5.1.9-10).  The range difference between the results obtained by applying the 21.8 constant 
shows higher values of 6-7 μm year-1 than the ones calculated with 18.8 constant. While between 
the Lipfert function calculated with and without bias the differences presented are of 16-19 μm 
year-1, considering the recession obtained by Arpege, whereas considering EC-Earth the difference 
is lower of 2 μm year-1 (Tab.5.1.6). Finally, the range values of recession calculated by EC-Earth 
are higher than the ones obtained by Arpege. 

 
Figure 5.1. 9. Future (2009-2100) surface recession simulation for the area near San Lorenzo, utilizing L = R*18.8, data without bias 

correction. 
 

 
Figure 5.1. 10. Future (2009-2100) surface recession simulation for the area near San Lorenzo, utilizing L = R*21.8, data without 

bias correction. 
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Table 5.1. 6. Comparison of the surface recession (L) values of average, minimum and maximum of the Arpege and EC-Earth 
simulations obtained for the future period, divided in 30 years, applying or not bias correction. 

  L = R*18.8 / μm year-1 L = R*21.8 / μm year-1 
 Arpege 

EC-Earth 
Arpege 

EC-Earth  FN2 FN3 FN4 FN2 FN3 FN4 
  + fP  + fP  + fP  + fP  + fP  + fP  + fP  + fP 

2009-2038 
Av. 42 58 41 57 42 59   48 67 47 66 49 68   

Min. 33 46 33 45 33 46   39 54 38 52 38 53   
Max. 51 71 50 69 51 70   60 83 57 80 59 82   

2039-2068 
Av. 42 58 42 58 41 57 56 58 49 67 49 68 47 66 65 67 

Min. 32 44 36 50 31 44 47 49 37 51 41 57 37 51 55 57 
Max. 51 71 50 70 52 72 68 70 59 82 58 81 60 83 78 82 

2069-2100 
Av. 47 65 44 61 43 60   55 76 51 70 50 69   

Min. 38 53 36 49 32 44   44 62 41 57 37 51   
Max. 56 78 51 71 52 72   65 90 59 83 60 83   

5.1.4. San Lorenzo area  

Past 
At San Lorenzo (Long.-80.05; Lat. 9.3), the compared period was of 19 years, 1979-1998 (1994 
year is missing). As evident in Figure 5.1.11, the values of the Pina stations are higher than the 
simulated one. Therefore, the bias correction is necessary and observing the values present in Table 
5.1.7, after applying it the average is similar to the Pina one. Nevertheless, the range is still smaller 
than the measured one and the trend is quite different.  

 
Figure 5.1. 11. Surface Recession on carbonate stones at San Lorenzo area (1979-2008). 

Table 5.1. 7. Comparison among the average, minimum and maximum values obtained from the 19 years (1979-1998, 1994 missing), 
between monitoring stations and model data of the area of San Lorenzo. 

 L = R*18.8 / μm year-1  
 Pina EC-Earth EC-Earth + fP Arpege-FN1 Arpege-FN1 + fP 
Average 56 34 58 40 58 

Minimum 24 27 45 33 48 
Maximum 86 40 67 48 70 

Future 
The recession calculated by Arpege simulations is the same of the previous one, since the 50x50 km 
grid area covers also this part. As well as the previous area, in this case EC-Earth Lipfert function 
shows a slow decrease, but with an interval of values similar to the ones obtained by Arpege 
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simulation (Figs. 5.1.12-13).  The differences between the function calculated with the corrected 
rainfall and the equivalent without bias are always higher, considering Arpege and smaller 
regarding EC-Earth, while the difference between the application of the two different constant are, 
for both models, around 6-7 μm year-1 (Table 5.1.8). 

 
Figure 5.1. 12. Future (2009-2100) surface recession simulation for the area of San Lorenzo,  

utilizing L = R*18.8, data without bias correction. 
 

 
Figure 5.1. 13. Future (2009-2100) surface recession simulation for the area of San Lorenzo,  

utilizing L = R*21.8, data without bias correction. 
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Table 5.1. 8. Comparison of the surface recession (L) values of average, minimum and maximum of the Arpege and EC-Earth 
simulations obtained for the future period, divided in 30 years, applying or not bias correction. 

  L = R*18.8 / μm year-1 L = R*21.8 / μm year-1 
 Arpege 

EC-Earth 
Arpege 

EC-Earth  FN2 FN3 FN4 FN2 FN3 FN4 
  + fP  + fP  + fP  + fP  + fP  + fP  + fP  + fP 

2009-2038 
Av. 42 61 41 59 42 62   48 70 47 69 49 71   

Min. 33 48 33 47 33 48   39 56 38 55 38 56   
Max. 51 74 50 72 51 73   60 86 57 83 59 85   

2039-2068 
Av. 42 61 42 61 41 59 39 65 49 70 49 71 47 69 45 76 

Min. 32 46 36 52 31 46 32 53 37 53 41 60 37 53 37 62 
Max. 51 74 50 73 52 75 48 81 59 86 58 84 60 87 56 94 

2069-2100 
Av. 47 68 44 63 43 62   55 79 51 73 50 72   

Min. 38 55 36 51 32 46   44 64 41 60 37 54   
Max. 56 81 51 74 52 75   65 94 59 86 60 87   

 
 
5.1.5. Portobelo area  

Past 
In Portobelo area the situation is the opposite, since the climate simulations underestimate the 
quantity of 20 years of surface recession, with maximum values of 118 μm year-1, obtained 
utilizing the monitoring stations data, almost 50 μm year-1 more than the modelled ones. While the 
minimum results more comparable, respectively 50 μm year-1 for the station, 51 for EC-Earth 
(Long. -79.65, Lat. 9.55) and 33 μm year-1 for Arpege-FN1 (Long. -79.50, Lat. 9.74). The trend of 
monitoring stations data is better represented by EC-Earth model, which show a slight increase (Fig. 
5.1.14). 

 
Figure 5.1. 14. Surface Recession on carbonate stones in Portobelo area (1979-1998). 

Considering the bias correction, EC-Earth trend comes up to Portobelo station, even if the range is 
still underestimated by both simulations as noticeable in Table 5.1.9. 

Table 5.1. 9. Comparison among the average, minimum and maximum values obtained from the 20 years (1979-1998), between 
monitoring stations and model data of the Portobelo area. 

 L = R*18.8 / μm year-1 
 Portobelo EC-Earth EC-Earth + fP Arpege-FN1 Arpege-FN1 + fP 
Average 70 61 69 45 69 

Minimum 50 51 58 33 50 
Maximum 118 72 82 65 101 
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Future 
The future trend of surface recession is different considering the function applied with data form 
Arpege model respect to EC-Earth one. Indeed, the first one presents a slight increase in the future, 
while the second one shows a decrease, for the 2039-2068 period. Moreover, the EC-Earth-
recession has a range of values higher compared with the same thirty years of Arpege projections 
(Figs. 5.1.15-16). The differences between the recession obtained by the corrected parameters with 
bias are similar to the previous ones described, while the difference between the application of the 
two different constants show an increment of ≈ 8 μm year-1, in the case of Arpege, and ≈ 10 μm 
year-1 considering EC-Earth (Table 5.1.10). 

 
Figure 5.1. 15. Future (2009-2100) surface recession simulations for the simulation for the area of Portobelo,  

utilizing L = R*18.8, data without bias correction. 
 

 
Figure 5.1. 16. Future (2009-2100) surface recession simulations for the simulation for the area of Portobelo,  

utilizing L = R*21.8, data without bias correction. 
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Table 5.1. 10. Comparison of the surface recession (L) values of average, minimum and maximum of the Arpege and EC-Earth 
simulations obtained for the future period, divided in 30 years, applying or not bias correction. 

  L = R*18.8 / μm year-1 L = R*21.8 / μm year-1 
 Arpege 

EC-Earth 
Arpege 

EC-Earth  FN2 FN3 FN4 FN2 FN3 FN4 
  + fP  + fP  + fP  + fP  + fP  + fP  + fP  + fP 

2009-2038 
Av. 49 76 47 73 47 77   57 88 55 84 55 89   

Min. 38 58 32 50 38 60   44 67 37 58 44 70   
Max. 68 105 60 92 59 100   79 122 69 107 69 116   

2039-2068 
Av. 50 77 48 74 46 73 63 72 58 89 56 86 53 85 73 83 

Min. 31 47 36 56 38 47 53 60 36 55 42 65 44 55 61 69 
Max. 63 96 65 100 58 94 79 90 73 112 75 116 67 109 91 104 

2069-2100 
Av. 59 90 51 78 48 78   68 105 59 90 55 90   

Min. 41 63 38 58 37 47   48 74 44 67 43 54   
Max. 76 117 64 98 55 104   88 136 74 114 64 121   

 
 

5.1.6.  Maps of Surface Recession 

For comparing the results obtained for the past and the future situation, in order to understand better 
the differences between future-past and among the future predictions applying the two constants, K1 
= 18.8 and K2 = 21.8, the Lipfert function under EC-Earth scenario has been plotted in an area of 
100x100 km covering the partial Panama region, subject of this study. Since the resolution of EC-
Earth is 25x25 km, we have obtained a grid of 4x4 areas, overlapping the Panamanian borders, as 
shown in the following maps. It has also to be underlined that the surface recession, hereafter 
graphed, is presented without bias correction for both the past and future simulations.  
Considering the past simulated surface recession, the area of Portobelo is the most affected by this 
phenomenon, which shows values higher than 70 μm year-1, as previously described. Instead, San 
Lorenzo area resulted as the less interested by it, with average values around 30 μm year-1, followed 
by Panamá Viejo zone, with 40 μm year-1 (Fig. 5.1.6.1a). 
The estimation of future surface recession calculated with L = 18.8*R (Fig. 5.1.6.1b), is similar to 
the past situation, but with a slight increase of 2 μm year-1  at Panamá Viejo and 4 μm year-1 at San 
Lorenzo, while Portobelo doesn't show any variations (as detectable in Figure 5.1.6.3a). While, if 
we consider the pessimistic future projection, applying L = 21.8*R (Fig. 5.1.6.2a), the increase 
respect to the optimistic future estimation of surface recession is of 10 μm year-1 at Portobelo, of 7 
μm year-1 at Panamá Viejo and of 6 μm year-1 at San Lorenzo (Fig. 5.1.6.2b). 
Therefore, the difference between the L = 21.8*R future and the L = 18.8*R past estimation of 
surface recession is around 12 μm year-1 near the area of San Lorenzo (Gatun, Cocosolo, Fort 
Sherman area), of 11 μm year-1 at Portobelo, of 10 μm year-1 at San Lorenzo and around 9 μm year-1 

at Panamá Viejo (Fig. 5.1.6.3b). 
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a  b  
Figure 5.1.6. 1. Estimated surface recession (L=18.8*R) under EC-Earth scenario.  

a. For the past period 1979–2008 (baseline); b. For the middle future period (2039-2068). 

a  
b  

Figure 5.1.6. 2. Middle future period (2039-2068): a. Estimated surface recession (L=21.8*R) under EC-Earth scenario;  
b. Differences between the estimated future surface recessions under EC-Earth scenario applying the two constants: (L1=21.8*R) - 

(L2=18.8*R). 

a  b  
Figure 5.1.6. 3. Differences between the estimated future surface recessions under EC-Earth scenario future - past: a. utilizing for the 

future projection (L=18.8*R);  b. utilizing for the future projection (L=21.8*R). 
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Final remarks 

While the situation in the area of Panamá Viejo and surroundings is quite similar between the two models, 
the prediction for the northern areas, Portobelo and San Lorenzo are significantly different, showing a major 
surface recession if we consider the EC-Earth experiment. 
In order to understand the future trend, it can be considered the middle future estimation (2039-2068) of 
surface recession under Arpege scenarios, which shows an increase respect to the past estimation from 6 μm 
year-1, measured at Panamá Viejo area, to 10 μm year-1 at San Lorenzo area. Considering the EC-Earth 
projections, it also shows an increase higher at San Lorenzo area and surroundings than at Panamá Viejo.  
Therefore, it can be assumed that in the future the site situated at the North Panamanian coast can be more 
affected by surface recession, related to the karst effect, than the site at South coast. 
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5.2. Salt Transitions 

In considering the salts cycles of dissolution and crystallization, halite has been selected as priority 
phase of investigation, since sodium and chloride resulted ones of the most abundant ions in the 
stone samples, detected in all sites, also taking into account their proximity to the sea.   
In the following paragraphs, the past and future monthly transitions of NaCl are represented, 
considering as an event the passage from RH values higher than 75.3% to values smaller than this 
threshold, counted only if happened in consecutive days. In addition, since the temperature of 
existence of this process should be 25°C, and, especially the future scenarios show highest 
temperatures, it has been considered also 75.1% as threshold, corresponding to the RH of NaCl 
transition at 30°C (Grossi et al., 2011; Sabbioni et al., 2012). 
Finally, only data from EC-Earth simulations are presented, since this model has been demonstrated 
to be the most representative one in terms of relative humidity and temperature parameters 
reliability.  
 

5.2.1. Panamá Viejo area  

Past 
In Panamá Viejo area, only Tocumen station presented relative humidity data, therefore the 
following comparison have been realized with only its records. As clearly observable, the highest 
frequency of these transitions are concentrated during the dry season, from the end of December 
until the beginning of April, both considering data with or without bias correction and utilizing the 
two thresholds, as observable in Figure 5.2.1. It has to be taken into account also the temperature, 
which shows an average of 26°C in this period, with the highest values present during the dry 
season, when the average is equal to 27°C. Nevertheless, if we make a comparison between the two 
threshold of RH applied, 75.3% (Fig. 5.2.1a) and 75.1% (Fig.5.2.1b), the number of cycles does not 
undergo significant variations.  

a  b  
Figure 5.2. 1. Average of NaCl monthly transitions 1979-2008 in Panamá Viejo area. 

a. considering 75.3% as threshold; b. considering 75.1% . 
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Future 
Considering the future condition, the temperature situation is the same of the past one, presenting an 
average, over the thirty years, of 26°C, while it correspond to 27°C applying the bias. Therefore the 
utilization of the two thresholds (75.1% and 75.3%) shows a similar monthly trend of the halite 
transitions, especially regarding the model with the bias correction. In this latter case, the number of 
cycles will be more frequent during the dry season (end of November/December to April/beginning 
of May). Nevertheless, observing Figure 5.2.2, it has to be noticed that the month with the highest 
value resulted July, but this value is due to only one year (2057), thus overestimating the number of 
cycles for this period. In any case, the future situation results quite similar to the past, with only a 
slight decrease in the number of months interested by NaCl cycles over the thirty years: in 
consideration of EC-Earth simulation, 5 future months versus 6 past months, while the model 
projection with bias presents 9 future months versus 10 past months. 

a  b  
Figure 5.2. 2. Average of NaCl monthly transitions 2039-2068 in Panamá Viejo area. 

a. considering 75.3% as threshold; b. considering 75.1% . 
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5.2.2. Area near Panamá Viejo  

Past 
In order to have another idea of the surroundings of Panamá Viejo, the area close to the site has 
been taken into account. The average of temperature of the past period, 1979-2008, is 27°C at 
Balboa FAA monitoring station, while EC-Earth simulation measures an average of T 25°C without 
fT and 27°C with fT. In this case, observing the halite cycles obtained by the monitoring station data 
the months with the highest number of transitions are from May to August, period underestimate by 
EC-Earth experiment. However, the rest of the year is well represented utilizing both the thresholds 
(Fig. 5.2.3).  

a  b  
 

Figure 5.2. 3. Average of NaCl monthly transitions 1979-2008 near Panamá Viejo area. 
a. considering 75.3% as threshold; b. considering 75.1% . 

Future 
In the future, the temperature undergoes an increase, indeed the average of T obtained by EC-Earth 
is 27°C, with the bias 29°C, thus in this case the most suitable situation should be represented by 
utilizing the 75.1% of threshold. The months showing the highest and most frequent values are from 
December to May, during the dry season. In addition, in this case, 2057 year presents cycles of 
halite also during the rainy season, in particular in July (Fig. 5.2.4).  

a  b  
Figure 5.2. 4. Average of NaCl monthly transitions 2039-2068 near Panamá Viejo area. 

a. considering 75.3% as threshold; b. considering 75.1% . 
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5.2.3. Area near San Lorenzo 

Past 
In the area near San Lorenzo, the period under study is from 1979 to 2004, since the other years are 
missing. During this period, at Gatun station the yearly average of T is of 27°C, without showing 
variations during the annual period. Considering EC-Earth experiment, the T average is of 25°C 
without applying fT and 27°C applying fT. As previously observed, also in this case the number of 
cycles of the dry season are well represented by the model simulation, while the rainy season is 
partially underestimated (Fig.5.2.5).  

a  b  
Figure 5.2. 5. Average of NaCl monthly transitions 1979-2004 near San Lorenzo area. 

a. considering 75.3% as threshold; b. considering 75.1% . 

Future 
The future average of T simulated is of 26°C, adding the bias 29°C, therefore the most suitable 
situation should be represented by utilizing the 75.1% of threshold. Observing the distribution of 
the halite cycles, they result spread all over the year, with an increase during the driest season 
(Fig.5.2.6). Furthermore, making a comparison with the modelled past situation, it does not show 
significant variations, except a slight increase, since every month show at least one cycle. 

a  b  
Figure 5.2. 6. Average of NaCl monthly transitions 2039-2068 near San Lorenzo area. 

a. considering 75.3% as threshold; b. considering 75.1%. 
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5.2.4. San Lorenzo area  

Past 
Considering the area of San Lorenzo, there are no records of monitoring stations data. Thus, basing 
on the EC-Earth data, the T average is of 25°C (Fig.5.2.7a), thus the most suitable situation is 
represented by the use of 75.3% of threshold. Number of halite cycles are concentrated in proximity 
of the dry season, from October to April, included (Fig. 5.2.7b). 

a  b  
Figure 5.2. 7. 1979-2008 San Lorenzo area: a. average of monthly T over the thirty years; b. average of NaCl monthly transitions 

considering 75.3% and 75.1% thresholds. 
 

Future 
In the future situation, whit a T average of 27°C (Fig.5.2.8a), we can consider both the thresholds. 
In comparison with the past, it can be observed an increase of the period interested by the salts 
cycles, from September to May, included (Fig.5.2.8b). 

a  b  
Figure 5.2. 8. 2039-2068 San Lorenzo area: a. average of monthly T over the thirty years; b. average of NaCl monthly transitions 

considering 75.3% and 75.1% thresholds. 
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5.2.5. Portobelo area 

Past 
As the previous case, also at Portobelo there are no records of monitoring stations data. Therefore, 
considering only the simulation, and with a T average of 24°C (Fig.5.2.9a), the most suitable 
situation is represented by the use of 75.3% of threshold. Cycles of halite are very scarce all over 
the year (one per month) and concentrated from December until April, included (Fig.5.2.9b). 

a  b  
Figure 5.2. 9. 1979-2008 Portobelo area: a. average of monthly T over the thirty years; b. average of NaCl monthly transitions 

considering 75.3% and 75.1% thresholds. 

Future 
Considering the future situation, with a T average of 26°C (Fig.5.2.10a), the most suitable situation 
is always represented by the use of 75.3% of threshold. The NaCl cycles are always very low, and 
in this case there is an opposite situation respect the previous ones, indeed the period of cycles is 
reduced to four months, especially from January to April (Fig.5.2.10b).  

a  b  
Figure 5.2. 10. 2039-2068 Portobelo area: a. average of monthly T over the thirty years; b. average of NaCl monthly transitions 

considering 75.3% and 75.1% thresholds. 
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Final remarks 

Cycles of dissolution and crystallization of halite salt have been analyzed, highlighting the higher 
frequency of this phenomenon during the dry season (reaching 3-4 cycles per month). 
Nevertheless, it has to be taken into account the underestimation, done by the EC-Earth simulation, 
of the rainy season months in comparison with the monitoring station data. However, we have to 
bear in mind that the monitoring station represent a punctual situation and not an area, as the model 
simulation.  
Making a comparison between the past and future conditions, generally the period of cycles tends 
to have a slight increase in the future, as observed in the area near Panamá Viejo, near San Lorenzo 
and San Lorenzo; while at Panamá Viejo and Portobelo area the trend is opposite. 
Evaluating the difference between the sites, Portobelo results the less interested by this 
phenomenon, while the area near San Lorenzo should be the most affected.  
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5.3. Biomass Accumulation 

As observed macroscopically and through analysis under microscope, one of the most diffused 
deterioration phenomenon is due to biological growth.  
In order to estimate the biomass accumulation on hard acid stones, calculated considering the 
organic carbon accretion on the surfaces, we used the function developed by Gomez-Bolea et al. 
(2012). Where the quantity of biomass B (originally milligrams, but here expressed in grams), on 
surface unit (cm-2) is obtained applying the annual amount of precipitation P (mm) and the annual 
mean of temperature T (°C) in  the following expression:  

B = exp(–0.964 + 0.003P–0.01T) 

Even if this function has been validated for horizontal surfaces of hard acid stones in nonurban 
European environments, it can allow us to understand the possible future trend of this phenomenon 
in comparison with the past situation.  
In our case, the hard acid rocks are the rhyolites, the alterated rhyodacites and the polygenic 
breccias showing high amount of silica (see Chap. 3.4). 

5.3.1. Panamá Viejo area  

Past 
Between the two models simulations, with and without bias, the most representative of the biomass 
accumulation obtained by the observed data is due to Arpege-FN1 without bias, showing a trend 
almost identical to the monitoring stations one (Figs. 5.3.1-2). Indeed, even if it overestimates of 0.2 
g cm-2 the accumulation calculated with the measured data at Tocumen and Hato Pintado, the 
tendency over the past 30 years shows the same slight decrease of ≈ 0.02 g cm-2. While considering 
the range, EC-Earth without bias show the most similar with the one represented by the observed 
data. It has to be mentioned that the bias for the precipitation was calculated from both the 
monitoring stations data, while the temperature additional factor has been obtained only form 
Tocumen series, since Hato Pintado missed T data. 

 
Figure 5.3. 1. Biomass accumulation (g cm-2) at Panamá Viejo area (1979-2008): 

comparison between model simulations and the monitoring stations. 
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Figure 5.3. 2. Biomass accumulation (g cm-2) at Panamá Viejo area (1979-2008): 

comparison between model simulations with bias and monitoring stations. 

 

Future 
Considering the future situation, Arpege-FN2 and FN3, both considering the function with or 
without the factor correction show an increase of the biomass range from the near future (2009-
2038) to the far future (2069-2100), more consistent for Arpege-FN2. This latter one, during the 
middle future (2039-2068), presents average, minum and maximum similar to the accumulation 
obtained by EC-Earth data, without bias. Every simulation shows a strong decrease of the values 
applying the fp  and fT (Tab. 5.3.1). 
Moreover all the simulations show a slow increase during the future period, higher for Arpege-FN2 
(of ≈1 g cm-2) over the 90 years, except for Arpege-FN3 which has a very little decrease. Indeed, 
this one and EC-Earth are approximable to an invariant tendency (Fig. 5.3.3).  

Table 5.3. 1. Future (2009-2100) biomass (g cm-2) range of values (average, minimum and maximum) for the area of Panamá Viejo. 
 

 
Arpege 

  
 

FN2 FN3 FN4 EC-Earth 
   + fp & fT  + fp & fT  + fp & fT  + fp & fT 

2009-2038 
av. 0.67 0.23 0.55 0.19 0.80 0.26 

 
 

min. 0.14 0.06 0.10 0.04 0.13 0.05 
 

 
max. 2.51 0.73 1.69 0.52 3.72 1.03 

 
 

2039-2068 
av. 0.62 0.21 0.67 0.23 0.60 0.20 0.55 0.21 
min. 0.10 0.04 0.19 0.08 0.13 0.06 0.04 0.02 
max. 3.30 0.92 2.23 0.66 2.99 0.85 3.73 1.18 

2069-2100 
av. 1.44 0.43 0.91 0.29 0.73 0.24 

 
 

min. 0.27 0.11 0.20 0.08 0.10 0.05 
 

 
max. 5.96 1.54 2.75 0.79 1.87 0.57 
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Figure 5.3. 3. Future (2009-2100) yearly biomass for the area of Panamá Viejo. 

5.3.2. Area near Panamá Viejo  

Past 
In order to have the same period covered by measured and simulated data, 1983 and 2003 years are 
omitted since the Balboa FAA monitoring station showed lack of data in that years. 
As previously observed, Arpege-FN1 is the simulation which better represents the biomass 
accumulation trend obtained by the observed data; indeed both show an approximable invariant 
tendency during the 30 years, both considering the climate parameters without or with bias (Figs. 
5.3.4-5). Regarding the range is described quite well by both simulations without bias, even if 
Arpege simulation overestimates the maximum of Balboa FAA biomass, while EC-Earth 
overestimates the minimum. 
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Figure 5.3. 4. Biomass accumulation (g cm-2) near the Panamá Viejo area (1979-2008): 

comparison between model simulations and the monitoring stations. 
 

 

 
Figure 5.3. 5. Biomass accumulation (g cm-2) near the Panamá Viejo area (1979-2008): 

comparison between model simulations with bias and monitoring stations. 
 

 
Future 
In the future, considering the situation without bias, the Arpege-FN 2 scenario shows a strong 
increase, over the 90 years, especially in the last part of the century (2069-2100) reaching maximum 
values of about 13 g cm-2. While considering the others Arpege simulations FN3 and FN4, 
respectively, they present an invariant tendency and a slow decrease (Tab.5.3.2 and Fig.5.3.6). 
Concerning the range, during the middle future (2039-2068) EC-Earth and Arpege-FN3 show a 
similar trend, as expectable. Applying the bias, the trend results the same, but with a lower intensity 
(Tab. 5.3.2). 
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Table 5.3. 2. Future (2009-2100) biomass (g cm-2) range of values (average, minimum and maximum)  
for the area near Panamá Viejo. 

 
 

Arpege 
  

 
FN2 FN3 FN4 EC-Earth 

   + fp & fT  + fp & fT  + fp & fT  + fp & fT 

2009-2038 
av. 0.76 0.30 0.42 0.18 0.76 0.30 

 
 

min. 0.04 0.03 0.02 0.01 0.04 0.02 
 

 
max. 5.94 1.99 1.37 0.54 3.23 1.16 

 
 

2039-2068 
av. 0.67 0.27 0.81 0.32 0.54 0.22 0.67 0.14 
min. 0.04 0.02 0.01 0.01 0.04 0.02 0.04 0.02 
max. 4.35 1.51 3.79 1.34 2.40 0.89 3.70 0.60 

2069-2100 
av. 2.73 0.96 0.97 0.39 0.65 0.27 

 
 

min. 0.17 0.08 0.08 0.04 0.03 0.02 
 

 
max. 12.79 3.94 3.59 1.27 2.95 1.07 

 
 

 
Figure 5.3. 6. Future (2009-2100) yearly biomass for the area near Panamá Viejo. 

 

5.3.3. Area near San Lorenzo  

Past 
Considering the area near San Lorenzo, making a comparison with Gatun and 
Cocosolo+Cristobal+Limonbay monitoring stations, the most comparable biomass accumulation is 
represented by EC-Earth simulation, especially after applied the bias correction to the P and T 
parameters (Figs. 5.3.7-8). It has to be underlined that for the rainfall parameter, the bias correction 
it has been realized with the two stations data, while for the temperature correction, it was utilized 
only Gatun station data. Both the biomass accumulation obtained with the monitored P and T data 
and the simulated one by EC-Earth, show an increasing trend during the past thirty years of about 1-
2 g cm-2. 
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Figure 5.3. 7. Biomass accumulation (g cm-2) near the San Lorenzo area (1979-2008): 

comparison between model simulations and the monitoring stations. 
 

 

 
Figure 5.3. 8. Biomass accumulation (g cm-2) near the San Lorenzo area (1979-2008): 

comparison between model simulations with bias and monitoring stations. 
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Future 
The future situation presents a high increase considering the EC-Earth simulation, recording until 
14 g cm-2 as maximum value. While Arpege scenarios show a smaller range, considering the 
projections without bias applied (Tab. 5.3.3 and Fig. 5.3.9). However, both EC-Earth and Arpege 
present a future increase of accumulation of biomass. 
Table 5.3. 3. Future (2009-2100) biomass (g cm-2) range of values (average, minimum and maximum) for the area near San Lorenzo. 

 
 

Arpege 
  

 
FN2 FN3 FN4 EC-Earth 

   + fp & fT  + fp & fT  + fp & fT  + fp & fT 

2009-2038 
av. 0.30 5.1 0.24 3.6 0.33 5.6 

 
 

min. 0.06 0.5 0.05 0.4 0.06 0.4 
 

 
max. 1.06 25.7 0.80 17.3 0.95 21.9 

 
 

2039-2068 
av. 0.29 4.8 0.28 4.5 0.26 4.1 2.82 4.0 
min. 0.05 0.3 0.09 0.8 0.04 0.3 0.54 0.7 
max. 0.97 22.8 0.87 19.6 1.10 26.9 14.26 21.5 

2069-2100 
av. 0.72 17.4 0.40 7.4 0.34 5.8 

 
 

min. 0.13 1.4 0.08 0.8 0.05 0.3 
 

 
max. 2.13 68.1 1.03 24.8 1.13 28.2 

 
 

 
Figure 5.3. 9. Future (2009-2100) yearly biomass for the area near San Lorenzo. 

 

5.3.4. San Lorenzo area 

Past 
In the area of San Lorenzo, monitoring station data were available only for rainfall parameter, since 
it wasn’t possible to calculate the biomass accumulation function with measured data. 
Comparing the damage function obtained by past simulated rainfall and temperature EC-Earth and 
Arpege demonstrate a similar trend, with no significant variation during the entire period. 
Nevertheless, Arpege-FN 1 shows a larger range, with a maximum value higher than 0.48 g cm-2 of 
the EC-Earth one (Fig. 5.3.10). 
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Figure 5.3. 10. Biomass accumulation (g cm-2) at San Lorenzo area (1979-2008): comparison between model simulations. 

Future 
As observed in the past period, also in the future the trend of biomass accumulation will be without 
any consistent increase during the entire period, but with values higher than the detected during 
1979-2008 of the order of 1 g cm-2. Arpege-FN2 foresees the highest biomass accumulation, with a 
maximum value of 2.13 g cm-2 in the far future period (2069-2100) (Tab.5.3.4 and Fig.5.3.11). 

Table 5.3. 4. Future (2009-2100) biomass (g cm-2) range of values (average, minimum and maximum) for the area of San Lorenzo. 
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Figure 5.3. 11. Future (2009-2100) yearly biomass for the area of San Lorenzo. 

 
 

5.3.5. Portobelo area  

Past 
Portobelo area shows an opposite situation in comparison with San Lorenzo. Indeed, in this case the 
biomass accumulation obtained by EC-Earth model presents values considerable higher than the 
one calculated with Arpege-FN1, reaching values of the order of tens of g cm-2. Moreover, while 
the second one has a slight decrease during the thirty years, the first one shows a substantial 
increase (Fig. 5.3.12). 

 
Figure 5.3. 12. Biomass accumulation (g cm-2) at Portobelo area (1979-2008): comparison between model simulations. 
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Future 
In the future, as predictable, generally biomass accumulation obtained by EC-Earth shows high 
values, comparable with Arpege pessimistic scenario, FN2 (Tab. 5.3.5 and Fig. 5.3.13). However, 
on the contrary of this latter one EC-Erath shows a decreasing trend, while FN2-biomass presents 
an increase during the all century. While considering the other two simulations, obtained by FN3 
and FN4 scenarios, they have an invariant trend. Considering the range, EC-Earth and FN2 biomass 
accumulations present wider range, reaching respectively values of 21.87 and 19.95 g cm-2; 
followed by FN4, 14.72 g cm-2 and FN3, 7.72 g cm-2 (Tab. 5.3.5). 

Table 5.3. 5. Future (2009-2100) biomass (g cm-2) range of values (average, minimum and maximum) for the area of Portobelo. 
Arpege 

FN2 FN3 FN4 EC-Earth 

2009-2038 
av. 1.82 0.94 1.50 
min. 0.12 0.05 0.15 
max. 15.13 3.96 9.26 

2039-2068 
av. 1.61 1.09 0.90 10.67 
min. 0.04 0.10 0.04 1.28 
max. 6.25 8.93 4.89 21.87 

2069-2100 
av. 6.44 1.42 1.85 
min. 0.21 0.12 0.04 
max. 19.95 7.72 14.72 

Figure 5.3. 13. Future (2009-2100) yearly biomass for the area of Portobelo.
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5.3.6. Maps of Biomass Accumulation 
In order to have a more complete overview of the past and the future situation of biomass accumulation , it 
has been decided to utilize EC-Earth data for calculating biological growth plotted as a grid map, of 4 x 4 
areas (obtaining a whole area of 100x100 km2), overlapped on Panama borders. The future (2039-2068) and 
the past (1979-2008) simulations don't differ significantly (respectively Figs. 5.3.6.1a and b), except for the 
Portobelo area and the zone near San Lorenzo (highlighted in Fig.5.3.6.2) which show an average increase of 
an 1 g cm-2 . 

a  b
Figure 5.3.6. 1 Estimated biomass accumulation under EC-Earth scenario. 

a. For the past period 1979–2008 (baseline); b. For the middle future period (2039-2068)

Figure 5.3.6. 2. Difference between the estimated biomass accumulation between the future and the past period. 

Final remarks 

Considering the past trend of biomass accumulation calculated with model data and compared with 
the biomass estimated with monitoring station data, Arpege-FN1 represents better the Panamá 
Viejo area and surroundings, while EC-Earth is more similar to the results obtained at the area near 
San Lorenzo. Moreover, EC-Earth represents better the range of values of Panamá Viejo and near 
San Lorenzo area. 
Regarding the future situation, the estimation of biomass, under both Arpege and EC-Earth 
scenarios, at Portobelo area shows the highest values, followed by the area near San Lorenzo, the 
area near Panamá Viejo, then Panamá Viejo and San Lorenzo zones. Therefore, the highest 
differences between future and past are recorded at the areas on the North shore, especially 
Portobelo. 
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6. Chapter 6 – Final considerations

6.1  Conclusions 

The aim of the PhD research work here presented is the evaluation of the environmental impact on 
materials belonging to two UNESCO sites located in Panama: the Monumental site of Panamá Viejo 
and the Caribbean Fortifications of Portobelo and San Lorenzo. For reaching this objective, the first 
step needed is the matter knowing, in order to identify the materials composition and their state of 
conservation. This allowed us to understand better the current problems and the potential damages 
connected to the exposition at the Panamanian environment. Moreover, through the utilization of 
climate parameters extracted from climate models and applied in damage functions, it has been 
possible to assess the deterioration phenomena occurring on these materials, producing also future 
projections of them, considering the climate change impacts on the Panamanian heritage. 
Concluding remarks and future perspectives of this study are described in the following paragraphs. 

6.1.1 Materials Characterization and Damage Evaluation 

Through the analyses performed, for the mineralogical-petrographic characterization and the 
evaluation of the state of conservation (stereo, polarized light and electronic microscopy, XRPD and 
XRF), it has been possible to realize a classification of the lithotypes present in the several sites 
understudy. 
In particular, considering Panamá Viejo, the masonries are mainly composed by sedimentary rocks 
of volcanic and marine sediments origin, as polygenic breccias, identified at almost all the complexes 
sampled, in particular at the Convento de la Concepción, Casas Reales, Convento de San Francisco, 
Fortín de la Natividad and Convento de la Compañia de Jesus. Moreover, basaltic andesites have 
been detected at the Fortín de la Natividad, while rhyodacites have been collected and analysed at 
the Convento de San Francisco and the Hospital de San Juan de Dios. Finally, the Torre de la 
Catedral results mainly composed by tuffite and a wall in the Casa Terrín complex is totally formed 
by rhyolite. 
On the opposite littoral, in the bay of Portobelo, coral limestones and sandstones have been identified 
as principal building materials at the Fuerte de San Jeronimo and Fuerte de Santiago. Moreover, in 
this latter one there is also the presence of tuffite. On the North coast of the inlet, at the Fuerte de San 
Fernando, coral limestone resulted the most utilized material in the masonries, followed by basaltic 
andesite, especially in the masonries of the Upper Battery and in the pavements in the Lower Battery. 
Finally, it was observed also the use of grainstone especially in the corners of the embrasures. Also 
at the Fuerte San Lorenzo grainstones were mainly utilized for composing corners (as ornamental 
parts of the portals and the base blocks); moreover, tuffite has been detected in the masonry of this 
fort.  
Considering the outcrops, identified in proximity of the archaeological area of Panamá Viejo, 
volcanic breccias and basaltic andesites have been detected. A basaltic andesite outcrop was identified 
also in Portobelo, specifically near the Fort of San Fernando; while, at San Lorenzo Fortress, a 
tuffite/sandstone outcrop was recognised. In addition, 5 km far from the defence construction, a 
potential grainstone supply area was found. 
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Concerning the state of conservation, the most diffused deterioration phenomena are due to biological 
growth, exfoliation and detachment, disintegration (sanding and pulverization), salt encrustations and 
chromatic alteration (in particular affecting rhyolites).  
Through microscopic analyses, altered parts (as zeolitized areas) have been observed featured by 
cracks. This zeolitization process was detected mainly in volcanoclastic stones by XRPD 
investigations, indeed though it, the identification of the different types of zeolites present was 
possible, that are: clinotptilolite, detected in all the sites, while mordenite has been identified only at 
Panamá Viejo. In addition, the PV FC 6, PV FC 9 and PV SJdD samples, which have been classified 
as rhyodacite, according to Winchester & Floyd (1977) classification for altered volcanic rocks, are 
mainly formed respectively by mordenite (PV FC 6) and clinoptilolite. 
The zeolitized parts, as the clay expanded minerals (detected montmorillonite and vermiculite), 
resulting hygroscopic, can be affected by humidity cycles, thus representing a co-responsible factor 
of the detachment and exfoliation processes observed macroscopically. 
In general, MIP analysis revealed that the majority of samples analysed present an average pore 
diameter lower than the 0.2 μm, threshold of micro-pores. Furthermore, almost all samples show a 
range of pore distribution between 0.01 and 10 μm, except for rhyodacites and rhyolites, which tend 
to have the majority of pore diameters between 0.01 and 1 μm and coral limestones, showing a 
predominance towards to 10 μm. Indeed, by PLM analysis coral boundstones and 
grainstones/packstones show very high intergranular and intragranular porosity.  
Moreover, salts encrustations have been identified at Portobelo Fortifications, presenting a process 
of calcite crystallization developed in several steps, with a different duration, understandable thanks 
to the alternation of sparitic and micritic minerals belonging to different layers. Through the IC 
investigations, it was possible to determine the soluble salts present in the samples, defining calcium 
as the most abundant cation in all specimens and in every site. Moreover, high presence of sulphates 
and nitrates has been detected, particularly at Panamá Viejo since it is within an urban area in 
proximity to a high traffic road, thus interested by heavy anthropogenic pollution. While, considering 
Portobelo and San Lorenzo, the most abundant anion is chloride, and, considering the cations 
detected, it can form sodium, potassium, ammonium and magnesium chloride. Nevertheless, the 
presence of halite is presumable in every site, since chloride is largely present also in Panamá Viejo 
specimens. Furthermore, in presence of water, Cl- can create the hydrochloric acid, as sulphates and 
nitrates can form respectively the sulphuric and nitric acid, causing the dissolution of carbonates, 
which can re-crystallize inside the stone porosity, provoking internal tensions, or on the surface, 
forming superficial encrustations of calcite. 

6.1.2. Determination of the environmental context and damage evaluation using damage 
functions 

In order to determine the environmental context, monitoring stations of the Panamanian national net 
have been chosen near the sites of interest. In addition, two climate models have been selected, 
presenting two different resolutions, EC-Earth of 25 km and Arpege of 50 km. Then, climate 
parameters as near-surface air temperature, relative humidity and rainfall amount, were extracted both 
from monitoring stations and climate models, for the past reference period 1979-2008. Moreover, the 
same parameters have been collected also from future scenarios, in the period of middle future, 2039-
2068, for EC-Earth (RCP 8.5) and from the near future to the far future, 2009-2100, for Arpege (RCP 
8.5, RCP 4.5 and RCP 2.6).  
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Comparing the measured parameters with the simulated one, EC-Earth model resulted to reproduce 
better the seasonality of temperature and relative humidity. While considering the rainfall, generally 
Arpege-FN1 simulates better the measured data. 
In addition, bias correction has been realized, obtained on the bases of the differences between the 
simulated data and the measured ones. Therefore, a multiply factor was applied for the rainfall and 
relative humidity model series, while an additive factor for the temperature model values.  
Since the most diffused deterioration morphologies detected are loss of materials, salts crystallization 
and biological growth, damage functions have been selected and applied in order to evaluate and 
predict these phenomena. 
Considering the surface recession, Lipfert function modified (related to the karst effect) have been 
utilized, valid for carbonate rocks having a porosity lower than 25%. The situation obtained in the 
area of Panama Viejo and surroundings is quite similar in both models, while the prediction for the 
northern areas, Portobelo and San Lorenzo are significantly different, showing a major surface 
recession if we consider the EC-Earth experiment. 
In order to understand the future trend the function has been applied both in the most optimistic and 
in the most pessimistic form. If we consider the middle future estimation (2039-2068), equally Arpege 
and EC-Earth scenarios show an increase respect to the past evaluation from 6-7 μm year-1, calculated 
at Panama Viejo area, to 10-12 μm year-1 at San Lorenzo and Portobelo area. Therefore, it can be 
assumed that in the future, the sites situated at the North Panamanian coast can be more affected by 
surface recession, than the site at the Southern coast. 
In consideration of the salts cycles of dissolution and crystallization, halite has been elected as a 
priority phase of investigation, since sodium and chloride resulted ones of the most abundant ions in 
the stone samples, detected in all sites, also taking into account their proximity to the sea.  Therefore, 
the past and future monthly transitions of NaCl have been calculated, utilizing only data from EC-
Earth, for the simulations, considering as an event the passage from RH values higher than 75.3% to 
values smaller than this threshold, counted only if happened in consecutive days. In addition, since 
the temperature of existence of this process should be 25°C, and, especially in the future highest 
temperatures are expected, it was considered also 75.1% as threshold, corresponding to the RH of 
NaCl transition at 30°C. 
Past cycles of dissolution and crystallization of halite highlight that the higher frequency of this 
phenomenon is recorded during the dry season (end of November/December to April/beginning of 
May). However, since it has been noticed an underestimation of EC-Earth simulation during the rainy 
season, in comparison with the monitoring station data, sporadic events cannot be excluded also 
during this period. However, we have to bear in mind that the monitoring station represents a punctual 
situation and not an area, as the model simulation.  
In general, making a comparison between the past and future conditions, the period of cycles tends 
to have a slight increase in the future, as observed in the area near Panama Viejo, near San Lorenzo 
and at San Lorenzo; while at Panama Viejo and Portobelo area the trend result opposite. Finally, 
evaluating the difference among the sites, Portobelo results the less interested by this phenomenon, 
while the area near San Lorenzo seems to be the most affected, reaching 3-4 cycles per month during 
the dry season. 
In order to estimate the biomass accumulation on hard acid stones, calculated considering the organic 
carbon accretion on the surfaces, the function developed by Gomez-Bolea et al. (2012) has been 
applied. Regarding the past trend of biomass accumulation calculated with model data and compared 



244 

with the biomass estimated with monitoring station records, Arpege-FN1 represents better the 
Panama Viejo area and surroundings, while EC-Earth is more similar to the results obtained at the 
area near San Lorenzo. Moreover, EC-Earth represents better the range of values of Panama Viejo 
zone and the area near San Lorenzo. 
In the future situation, the estimation of biomass, under both Arpege and EC-Earth scenarios, shows 
at Portobelo area the highest values (reaching 21 g cm-2). Then followed by the area near San Lorenzo 
(up to 10-20 g cm-2 by EC-Earth simulation data), the area near Panama Viejo (up to ≈12 g cm-2), 
then Panama Viejo and San Lorenzo zones (1-5 g cm-2). Therefore, the highest differences between 
future and past are recorded at the areas on the North shore, especially Portobelo. 

6.2  Future perspectives 

6.2.1 Short-term in situ effects 

This work determined a fundamental step for the current and future preservation of these sites. Indeed, 
it represents an instrument for organizing and enhancing the maintenance and restoration works, since 
it allows the operators of the sites to know the compositions of the building materials and to 
understand the problems related with their interaction with the environment.  
Moreover, it will permits to: 
 Decide how to intervene for limiting and preventing the causes of damages, having prioritised

them.
 Select the most suitable restoration materials, as consolidants, protectives, mortars, etc.
 Choose the most compatible materials for possible replacements/integrations in the masonries,

utilizing the outcrops identified. For that reason, it could be recommended to carry out perspective
drawings, showing the material composition of the masonries.

With the purpose of supporting the realisation of the aforementioned points, it is intended the 
production of a "practical manual" with the main outcomes of this thesis, addressed to a larger public, 
from field workers to decision makers, thus, preferably in Spanish.  
Furthermore, with the intention of enlarging and increasing the people consciousness on the thematic 
"environmental and climate change impact on cultural heritage", it has been considered the 
organization of courses, workshops, summer schools, etc. carrying on the collaboration with the 
Patronages and trying to attract the interest of people belonging to several sectors. 

6.2.2 Long-term research activities 

In relation to the construction materials, it can be useful to continue the investigation about the raw 
materials provenance, for identifying the possible supply of all the rock typologies distinguished.   
Concerning the environmental impact, it should be necessary to complete the monitoring with also 
the pollution data, organizing in situ measurements of both climate and pollution parameters. This is 
fundamental also for planning field-exposure tests, for strengthening the validity of the damage 
functions in situ. Moreover, this kind of experiments are necessary as well for evaluating the 
efficiency of maintenance and restoration materials, applied on specimens of the different rocks 
present at the sites, exposed to the same conditions of the monuments.  
Furthermore, since the biological growth resulted one of the most diffused damage phenomena, a 
study focused on the identification of the different kind of species colonizing the material surfaces 
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should be implemented, with the additional purpose of improving the effectiveness of the biomass 
accumulation equation. 
Finally, to enhance the accuracy of all the damage functions, it will be significant to widen the 
comparison among climate simulations also with other models. 
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Figure 2.3. 1. Particular of the central area of the Panamanian isthmus. On the right the legend of the markers, in green the 
sites under study: PV=Panama Viejo; SL=San Lorenzo; P=Portobelo. This latter one coincides with a location of the 
Portobelo monitoring station. The white symbols indicate the monitoring stations, respectively: G=Gatun Rain Z.C., 
CCL=Cristobal-Cocosolo-Limonbay, FS=Fort Sherman, Pb=Portobelo, B-FAA=Balboa-FAA, HP=Hato Pintado, 
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H I G H L I G H T S

• Cultural heritage increasingly at risk
due to climate change impact

• Need of compatible and resilient con-
solidating products for marble

• Carrara marble models (treated and
not) exposed at four European sites

• Rain principally affected the durability
of CaCO3-precursor consolidants.
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The EUpolicy of reducing the emissions of combustion generatedpollutants entails climate induced deterioration
to becomemore important. Moreover, products applied to preserve outdoor built heritage and their preliminary
performance tests often turn out to be improper. In such context, the paper reports the outcomes of themethod-
ology adopted to assess the durability and efficiency of nano-based consolidating products utilized for the conser-
vation of carbonate artworks, performing field exposure tests on Carraramarblemodel samples in different sites
in the framework of the EC Project NANOMATCH. Surface properties and cohesion, extent and penetration of the
conservative products and their interactions with marble substrates and environmental conditions are here ex-
amined after outdoor exposure for eleven months in four different European cities and compared with the fea-
tures of undamaged and of untreated damaged specimens undergoing the same exposure settings.
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1. Introduction

The intensification of climate changes combined with the recent re-
duction in acidic air pollution in urban areas hasmade climate conditions

to become more influential in the weathering of outdoor built heritage
(Grossi et al., 2008). In this regard, researchhas been specifically devoted
in the last decades by the European Union to assess the effects of envi-
ronmental changes, including climatic ones, on cultural heritage and to
develop mitigation strategies aiming at its protection and conservation
(Kucera et al., 2005; Grossi et al., 2007; Sabbioni et al., 2007; Watt et
al., 2009; Franzen et al., 2011; Bernardi et al., 2012; Sabbioni et al.,
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2012; Ashley-Smith et al., 2013; Ozga et al., 2014). In particular, available
projections on climate change impact on cultural heritage have evi-
denced that decohesion and fracturing of carbonate stone, widely
encountered in archaeological and historic built heritage, are likely
to increase in Europe in the near (2010–2039) and the far future
(2070–2099) induced mainly by (i) surface recession, (ii) thermal
stress and (iii) salts crystallization (Bonazza et al., 2009a, 2009b;
Grossi et al., 2011). Several efforts have been made since the 20th
century in order to re-establish the original physical-mechanical
properties of deteriorated stone and to increase their durability by
the extensive use of both organic and inorganic consolidants. It is
widely known that the performance and long-term efficiency of organic
consolidants have been heavily reconsidered as they frequently under-
go irreversibility of the treatments and chemical modifications caused
by the interaction with both the environmental conditions and the
substrate (Melo et al., 1999; Amoroso, 2002; Favaro et al., 2006,
2007). Although traditional inorganic consolidants as well as innova-
tive nanomaterials (mainly dispersion of barium/calcium/magnesium
hydroxide nanoparticles in alcohol) display better physical-chemical
compatibility with carbonate stones and good chemical stability to en-
vironment, improvements should be introduced in order to ensure
higher cohesive effect and better penetration into the porous matrix
of damaged substrate (Camaiti, 2000; Giorgi et al., 2000; Amoroso,
2002; Doehne and Price, 2010; Chelazzi et al., 2013; Natali et al.,
2014). In addition, possible interactions between the developedmateri-
al and the outdoor environment should be evaluated, as pollution and
weathering factorsmay act on thenewproduct aswell as on the historic
substrates. In this regard, most of the studies have been carried out in
laboratory, in accelerated and controlled environment. Unfortunately,
climate simulation chamber is not designed to accurately replicate the
real conditions of outdoor environment failing in the simulation
of the synergetic action of environmental parameters as well as
their variations at short and long time scale. Higher correspon-
dence to the reality is although achieved by field exposure tests.
Hence the need to define the most suitable ageing tests arises
whenever resistant and compatible conservative materials are de-
signed. In literature, most of field trials were performed to study
damage mechanisms on building materials induced by weathering
or pollutants (Zappia et al., 1998; Viles et al., 2002; Urosevic et al.,
2012) or to evaluate new products' performance through their applica-
tion directly on historic damaged substrate, with the risk to be some-
times unsuitable and irreversible applications (Favaro et al., 2005,
2006, 2007; Varas et al., 2007). On the contrary, field tests on model
samples allow to evaluate the features of the examined product in re-
sponse to different environmental conditions and to improve its perfor-
mancewithout any damage to theworks of art. Nevertheless, still scarce
examples of published results on this issue are available (Simon and
Snethlage, 1996).

In this paper we discuss the results obtained by performing field
tests of model samples in Carrara marble exposed at four European
monuments (Santa Croce Basilica in Florence, Cologne Cathedral, Ovie-
do Cathedral and Stravopoleos Monastery in Bucharest) in order to
study the compatibility and environmental durability of the consolidat-
ing product developed within the EC Project NANOMATCH (Bernardi et
al., 2012). The product's performance is also tested in comparison to
CaLoSiL® and its consolidating use in the conservation of cultural
heritage discussed. Because of the rising role of climate parameters
in causing damage to heritage building materials and the expected
increase of surface recession of carbonate stones due to rainfall, the
samples under study were placed in unsheltered areas directly ex-
posed to precipitation events. The integration of the results here pre-
sented with those carried out in laboratory as part of the EC
NANOMATCH Project provided complete information on applicabili-
ty, compatibility, efficiency and durability of the tested conservative
products and allowed to identify and subsequently manage the pos-
sible drawbacks before their application on works of art.

2. Materials and methods

2.1. Investigated conservative products

Preliminary tests and application trials were performed to identify
the proper alkaline earth alkoxide among those synthesized for consol-
idating carbonate stones to evaluate the most suitable methodology for
its production at industrial scale and to optimize the application param-
eters (Favaro et al., 2008; Duchêne et al., 2012; Ossola et al., 2012;
Favaro et al., 2014; Natali et al., 2015). The best results were obtained
with nano-solution of calcium tetrahydrofurfuryloxide (Ca(OTHF)2)
(NANOMATCH1) in 1:1 ethanol:ligroin at 20 g/L of calcium, applied by
brush on quarried Carrara marble samples for two times on one surface
(Natali et al., 2015). In order to compare the performance of the new
consolidating agent, CaLoSiL® (IBZ-Salzchemie GmbH & Co.KG), prod-
uct widely employed for stone consolidation, was selected and applied
by brush on other samples. In CaLoSiL®, particles of calcium hydroxide
were dispersed in ethanol at 20 g/L of calcium. The consolidating effect
of these products is produced by calcium carbonate, obtained by the re-
action of calcium hydroxide and calcium alkoxide with atmospheric
moisture and carbon dioxide. Since both NANOMATCH1 and CaLoSiL®
are precursors for the deposition of calcium carbonate, they could be ef-
fectively employed to treat carbonate substrates.

2.2. Field tests

We tested the compatibility and environmental durability of
NANOMATCH1 and CaLoSiL® on Carrara marble, a metamorphic stone
primarily composed of calcite crystals. Polishedmarble plaques with di-
mensions of 10 cm × 10 cm × 5 cm were placed outdoor in an
unsheltered area, exposed to rain wash-out, in four European sites
characterised by differentmeteorological and climatological conditions:

• Santa Croce Basilica in Florence (Italy);
• Cologne Cathedral (Germany);
• Oviedo Cathedral (Spain);
• Stavropoleos Monastery in Bucharest (Romania).

A stainless metallic rack, perforated and tilted with 30° slope, sup-
ported the samples and allowed the drainage of rainwater (Fig. 1).
Field trials lasted for eleven months in each site, from April/May 2013
to March/April 2014.

In order to obtain a stone substrate characterised by a heavy inter-
granular decohesion, part of samples was previously artificially dam-
aged by thermal stress (i.e. exposed at 600 °C for 1 h), which led to a
total structural disintegration of Carrara marble (Bourguignon et al.,
2014). Indeed, the anisotropy of calcite in thermal response leads Carra-
ra marble to be affected by thermoclastism and therefore to granular

Fig. 1.Carraramarblemodel samples exposed on the rack at Santa Croce Basilica, Florence.
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disaggregation andmaterial exfoliation (Bonazza et al., 2009b). The ex-
perimental exposure included the evaluation and comparison of Carrara
marble samples (i) sound (undamaged), (ii) artificially damaged by
thermal stress, (iii) damaged and treated with NANOMATCH1 and (iv)
damaged and treated with CaLoSiL®. An overall description of the
methodological approach adopted is given by Natali et al. (2015),
which reports also some of the preliminary results obtained.

2.3. Climatological characterisations of sites

The sites selected for exposure tests of stone models are
characterised by different environmental conditions. All of them are
urban areas and therefore their atmospheric composition is influenced
by the gases and aerosol, including nanoparticles, emitted by stationary
and mobile combustion sources (vehicular traffic, domestic heating/
cooling systems and industries). Yearly air quality data for each site
are reported in Natali et al. (2015). Following the Köppen-Geiger's cli-
mate classification (Kottek et al., 2006), Florence has a humid subtropi-
cal climate (Cfa), slightly influenced by the Mediterranean one (Csa).
Precipitations are more pronounced in the intermediate seasons and
inwinterwhile the summer is dry (http://worldweather.wmo.int/); rel-
ative humidity values fluctuate between 65% and 76%. Cologne and
Oviedo are characterised by warm damp temperate climate with
warm summer (Cfb) (Kottek et al., 2006). Precipitations are abundant
throughout the year and lead the average value of relative humidity to
remain always above 75% (http://www.climatemps.com/). Bucharest
belongs to the warm damp temperate climate with hot summers (Cfa)
(Kottek et al., 2006) since the presence of the Carpathians Mountains
(northward) and of the Black Sea (southward)mitigate the humid con-
tinental climate typical of south-eastern Europe. Precipitations are fre-
quent in spring and modest during the other seasons; mean relative
humidity therefore ranges from 65% to 85%.

During the eleven months of field tests, Florence and Bucharest
showed the same temperature range in summer, with August as the hot-
testmonth (high average daily temperature of 31–33 °C),while inwinter
the Romanian city is cooler (reaching 12 consecutive days with temper-
atures strictly below freezing from the end of January and the beginning
of February and simultaneously recording many snowfalls) (https://
weatherspark.com/). Cologne and Oviedo show a general lower temper-
ature in summer than the previous cities while considering the cool sea-
son Oviedo displays the mildest winter among all the exposure sites,
hardly reaching the 0 °C. As reported by Natali et al. (2015), Florence
andOviedo experienced the highestmonthly rain amounts (respectively
144 mm in October in Florence and 152 mm in November in Oviedo) as
well as the highest cumulative amounts during the exposure period
(both around 820 mm); the total mm of rainfall are lower in Cologne
(460 mm) and Bucharest (275 mm). Moreover, the number of events
of heavy rain (i.e. when precipitation rate is equal or N25 mm/day fol-
lowing Bradley and Jones, 1995) particularly hazardous for the preserva-
tion of carbonate stone were also taken into consideration. During the
eleven months of exposure, Florence experienced 5 heavy rain events
mainly during winter months, and 12 medium rain events (i.e. when
rain rate is between 10 and 25 mm/day following Bradley and Jones,
1995) spread in summer (http://www.weatheronline.co.uk/). Also Ovie-
do was characterised by 8 heavy rain events during the exposure time,
sometimes more than one per month. By contrast, these events turned
out few (3) but intense in Bucharest, reaching even 70mm/day,while al-
most absent in Cologne (http://www.weatheronline.co.uk/).

2.4. Analytical techniques

During the researchworkwe investigated (i) the aesthetical proper-
ties (ii) surface cohesion of treated samples (iii) the distribution of the
consolidants (iv) their surface penetration and interactions with both
Carrara marble substrates and environmental agents by means of the
following analyses:

• Quantitative colour evaluation of samples carried out by a portable
spectrophotometer KonicaMinolta CM-700d tomeasure CIEL*a*b* co-
ordinates for the definition respectively of luminosity (L*) and chro-
maticity coordinates (a* and b*) according to the UNI 8941: 1987
Standard Colored surfaces (1987). The data here presented are the av-
erage values of measurements repeated three times on the same se-
lected area. The total colour difference (ΔE*) between two
measurements has been calculated from CIEL*a*b* coordinates
ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]½, and its perception by human
sight and the threshold of acceptability was evaluated according to
the classification supplied by Miliani et al. (2007).

• Optical Microscopy (OM) and Scanning Electron Microscopy coupled
with Energy Dispersive X-ray spectroscopy (SEM-EDX) to investigate
themorphology andmicrostructure of samples aswell as the distribu-
tion of the applied conservative products. Observations of polished
cross and thin sections of samples were performed by using a petro-
graphic microscope Olympus BX 51 equipped with a scanner
PRIMOPLUS 32. SEM-EDX investigation was carried out with a ZEISS
1530 instrument equipped with a dispersive X-ray analyser on bulk
samples and polished cross sections coated with a thin gold layer.

• Scotch Tape Test (STT) or “peeling test” following the standard protocol
procedure published by Drdácký et al. (2012) for the quantitative as-
sessment of the cohesion of samples surface. Pressure-sensitive tape
was applied at the investigated area and the amount of thematerial de-
tached from the surface after the tape removal was quantified by
weight. Each testwas repeated 10 times in the samearea of the selected
stone sample. Moreover, two different areas in the same sample have
been selected for the test to be conducted before and after exposure.

• Capillary water absorption measurement performed according to the
standard UNI EN 15801:2010, 2010, in order to evaluate the amount
of water absorbed by a specimen per surface unit (Qi) over time. Qi

(kg/m2) is defined as Qi = (mi −m0) / S where S is the surface of the
specimen in contact withwater, mi andm0 are theweights of the spec-
imens measured during the test at time ti and t0 respectively. The cap-
illary water absorption coefficient (WAC) is the slope of the linear
section of the curve obtained plotting the mass change per area (Qi)
versus the root of time (ti1/2).

• Ultrasonic pulse velocity determination, carried out in accordance with
the standard EN 14579, 2004, was measured using ultrasonic non-de-
structive digital indicator tester (PUNDIT) with an emitting frequency
of the instrument transducer of 60 kMHz and a measurement resolu-
tion of 0.1 μs. The measurement was conducted in direct mode putting
the two probes on two parallel surfaces of specimens (one treated and
the opposite), where a thin layer of oil is previously applied to optimize
the contact between the specimen and the probe. For each specimen
the measurement has been carried out three times and the average re-
sults with the relative standard deviation have been reported.

Samples were analysed before treatment, after treatment/before ex-
posure and after eleven months of exposure in order to investigate the
surface properties and cohesion, as well as to estimate the extent of
the penetration for both the conservative products, considering their in-
teractionswithmarble substrate and environmental conditions. In addi-
tion, results obtained by analysing treated samples before exposure
were compared with those obtained on sound and artificially damaged
samples in order to verify the potential improvement of the physical-
mechanical properties after treatment and the aesthetical compatibility
of the treatment as well.

3. Results and discussion

3.1. Colorimetric characterisation of samples

The granular disintegration of marble samples due to thermal stress
led to a general increase of all colorimetric parameters, causing a varia-
tion in total colour visible by human sight and above the threshold of
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acceptability (i.e. ΔE N 5) (Miliani et al., 2007), as shown in Table 1,
where the results of all the variation of colorimetric CIEL*a*b* parame-
ters and of total colour (ΔE*) are summarized. In particular, artificially
damaged samples showed a whitening effect (ΔL* N 0) induced by an
increase in surface reflectivity and a shift toward the yellow component
(Δb* N 0). Analysing data acquired after the application of conservative
products, NANOMATCH1 entails a small increase in the yellow compo-
nent while CaLoSiL® induces a slight whitening of samples surface. In
any case, the average values of the total colour differences calculated
using colour parameters collected after and before consolidation treat-
ments do not exceed the threshold value of acceptability, showing
values below 3 units (Miliani et al., 2007).

The influence of environmental parameters on the chromatic ap-
pearance of marble samples was assessed inspecting colour measure-
ment performed after in situ exposure.

Considering samples after and before exposure, Fig. 2 displays that
marble artificially damaged exposed at each site shows a visible change
in total colour (5 b ΔE* b 10) that is attenuated by the consolidation
treatment. In particular samples treated with CaLoSiL® show
1 b ΔE* b 4 while those treated with NANOMATCH1 present

3 b ΔE* b 5, with the exception of the sample exposed in Bucarest
(ΔE*= 7). Overall, the total colour variation of treated samples remains
below the threshold of acceptability (i.e.ΔE b 5) in Florence, Oviedo and
Cologne. Analysing the single CIEL*a*b* parameters, the exposure of
treated samples led to a slight increase in luminosity and to a small
shift of b* parameter toward the blue component in respect to samples
artificially damaged, thus becoming more similar to sound samples.

3.2. OM and SEM observations

OM and SEM investigation evidenced the intra and inter granular
decohesion of marble samples as consequence of the thermal stress.
The formation of cracks between grains and along their outlines is clear-
ly visible in Fig. 3.

After the application, both NANOMATCH1 and CaLoSiL®were found
to cover samples surface with a rather homogeneous layer but neither
of them showed deep penetration inside fractures, remaining mainly

Table 1
Variation of colorimetric CIEL*a*b* parameters and of total colour (ΔE*) between 1) artificially damaged samples and sound ones (before exposure); 2) treated samples and artificially
damaged ones (before exposure); 3) treated samples after and before exposure.

Florence Cologne Oviedo Bucharest

Art. damaged samples - sound samples (before exposure) AL* 6.44 4.16 4.65 6.38
Aa* 0.94 0.86 0.97 0.60
Ab* 2.31 3.13 3.74 1.98
AE* 6.92 5.27 6.04 6.71

Treated samples - art. damaged (before exposure) AL* NANOMATCH1 −0.10 −0.49 −0.59 −0.29
CaLoSiL® 0.20 0.31 0.73 2.44

Aa* NANOMATCH1 −0.20 0.01 −0.24 −0.01
CaLoSiL® 0.06 0.40 0.03 0.01

Ab* NANOMATCH1 0.87 1.02 0.80 1.21
CaLoSiL® −2.22 0.53 −1.17 −1.60

AE* NANOMATCH1 0.92 1.14 1.02 1.25
CaLoSiL® 2.40 2.12 1.38 2.92

Treated samples after exposure – treated samples before exposure AL* SOUND 1.64 0.52 1.16 −3.05
ART. DAMAGED −4.19 −5.19 −4.88 −9.26
NANOMATCH1 −3.81 −3.23 −4.61 −6.45
CaLoSiL® −1.08 0.04 −2.76 −4.00
SOUND 0.38 0.25 1.33 0.52

Aa* ART. DAMAGED 0.78 0.42 0.93 0.73
NANOMATCH1 0.83 0.25 0.93 0.49
CaLoSiL® 0.02 −0.38 0.27 0.09
SOUND 0.94 1.02 1.33 2.15

Ab* ART. DAMAGED 4.26 1.54 1.62 3.22
NANOMATCH1 2.46 −0.05 1.50 1.00
CaLoSiL® 2.76 −0.98 2.42 1.59
SOUND 1.93 1.17 1.85 3.77

AE* ART. DAMAGED 6.03 5.43 5.22 9.83
NANOMATCH1 4.62 3.42 4.94 6.54
CaLoSiL® 2.98 2.43 4.25 1.56

Fig. 2. Mean variation of total colour (ΔE*) of stone samples exposed for eleven months
compared with samples before exposure.

Fig. 3. Micrographs (OM) of thin section in plane polarised light of artificially damaged
sample. White arrows indicate intragranular fractures and white lines highlight the
presence of intergranular fractures of Carrara marble sample.
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on surface or occasionally in the first micrometers of superficial chinks
(Fig. 4).

By optical microscopy NANOMATCH1 appeared to be homoge-
neously distributed on samples surface, with a thickness of about 20–
30 μm, which increases where marble surface presents cavities (Fig.
5a). In particular, SEM investigation highlighted that NANOMATCH1
displays a cracked surface (Fig. 4a) similar in the aspect to those formed
by TEOS (tetraethoxysilane) based products when applied on stones.
TEOS cracked layers on stone surfaces have been observed and exten-
sively described in literature (Miliani et al., 2007; Mosquera et al.,
2009). They are typically associated to the TEOS sol gel process in
which two reactions (hydrolysis and consequent condensation) take
place leading to the formation of a gel in which the solvent is trapped
within the silica based network (Mosquera et al., 2009). The cracking
occurs during the drying process as consequence of high capillary pres-
sures supported by the gel network. Peruzzo et al. (2016) reviewed the
sol gel process occurring in presence of mixture of alkoxides making a
detailed description of results obtained byMass Spectrometry for silicon
alkoxides, titanium alkoxides, silicon/titanium alkoxides, germanium
alkoxides, tin alkoxides. The formation of a xerogel for NANOMATCH1
after the complete evaporation of the solvent can be hypothesized al-
though any evidences of copolymerization nor sol gel processes for cal-
cium alkoxides are reported (Peruzzo et al., 2016; Turova et al., 2002).

The consolidation with CaLoSiL® caused instead the formation of a
compact layer on all the surface of samples (Fig. 5b). This layer, general-
ly thicker than that created byNANOMATCH1 application, was detected
to reach a maximum thickness of about 40 μm in the hollowed areas of
the surface.

Observations by OM and SEM conducted on not treated samples
after the exposure in situ displayed calcite grains highly fragmented
with rough surface particularly for samples artificially damaged ex-
posed in Oviedo (Fig. 6). In addition sporadic areas covered by a thin
layer of secondary calcite were detected both on sound and artificially
damaged samples (Fig. 7).

After elevenmonths of exposure, treated samples underwent a gen-
eral reduction in the presence and distribution on the surface of both
consolidants. Where present, they displayed a decrease in thickness
and lost their flat surface, becoming rough and pitted. The loss of

consolidants, particularly NANOMATCH1, occurred mainly in samples
exposed in Florence and Oviedo, while in Cologne and Bucharest
CaLoSiL® was found to remain rather homogeneously distributed (Fig.
8).

3.3. Surface cohesion characteristics (STT)

As already discussed, the thermal stress carried out on samples led to
the disaggregation ofmarble grains caused by the anisotropic behaviour
of calcite. A reduction of the cohesive properties is therefore assumed
and the amount of material peeled from the surface could be linked to
surface cohesive properties of the stone. Taking into account that (i)
even a non-consolidated stone may exhibit a decrease in the amount
of removed material due to the higher cohesion of the material in the
bulk (Drdácký et al., 2012) and (ii) the early peelings might remove
dust and not penetrated consolidant, even so the peeling test can give
information of cohesive surface properties if the entire trends referred
to different sets of samples are compared.

The reduction of the cohesive properties of the samples artificially
damaged linked to the disaggregation of marble grains caused by ther-
mal stress was highlighted by the Scotch Tape Test trough an enhance-
ment of the material peeled from the surface of all damaged samples in
respect to that removed from sound samples. Following the results ob-
tained by STT it can be also hypothesized that the treatment with both
consolidants implied a general increase of cohesion of surface stone
samples since the amount of material released from the surfaces of all
consolidated samples is lower than that measured from samples sub-
jected to artificial damage. In particular, Fig. 9 displays theweight differ-
ence between the quantity of material peeled from the surface of
treated samples before exposure and that removed from the surface of
artificially damaged samples before exposure (ΔW), showing a higher
cohesive behaviour of NANOMATCH1 product (black dots) in respect
to CaLoSiL® (white dots).

In Fig. 10 the difference of the amount of incoherentmaterial peeled
from the surface of exposed samples at the 4 sites with those removed
from samples surface before exposure (ΔW) is presented. Following
these results it may be argued that the exposure to the environment
of the four European sites caused similar modification of the surface

Fig. 4. SEMmicrographs ofmarble samples treatedwith: NANOMATCH1 product before exposure, bulk sample (a) and polished cross section (b); CaLoSiL® before exposure, bulk sample
(c) and polished cross section (d). White arrows highlight the distribution of the consolidants on samples.
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cohesion in the same classes of samples and a general slight increase in
the surface cohesive properties. Specifically, artificially damaged sam-
ples show the highest improvement of surface cohesionwhile the cohe-
sive properties of sound samples and of those treated with CaLoSiL®
slightly increase or remain equal to values measured before exposure.
On the contrary, the exposure seems to have caused a slight reduction
in cohesion of the most superficial part of samples treated with

NANOMATCH. It can be hypothesized that part of the consolidant sur-
face layer was detached, not adhering to the substrate and therefore re-
moved by the tape during the early peeling.

As evidenced byDrdácký et al. (2012) results of STT can yield to con-
tradictions in the interpretation if not performed in a standardized way
and are to be considered reliable only for surface andnear-surface layers
of the investigated material. Even though the results here presented
cannot be ascribed to an effective cohesion or not of the samples in its
entirety, the application of the standard protocol published by
Drdácký et al. (2012) ensures a correct and reliable understanding of

Fig. 5. a) Optical micrographs of thin sections in cross polarised light of sample treated
with NANOMATCH1: white arrows indicate the distribution of the surface
microcrystalline layer formed after the consolidating treatment. b) Optical micrographs
of thin sections in cross polarised light of sample treated with CaLoSiL®.

Fig. 6. SEM micrographs of artificially damaged marble sample after exposure in Oviedo.

Fig. 7. SEM micrographs of undamaged marble sample after exposure in Oviedo. White
arrows highlight the presence of secondary calcite.

Fig. 8. SEMmicrographs of marble samples treated with: a) NANOMATCH1 product after
exposure in Florence (bulk sample); b) CaLoSiL® after exposure in Cologne (bulk sample).
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the surface cohesion characteristics of the specimens. Having been the
Carrara marble samples treated on one surface by brush application of
the consolidating agents, the STT results here presented are to be used
for an evaluation of the surface consolidation and strengthening effi-
ciency of the tested treatments.

3.4. Capillary water absorption

Capillarity water absorption test was performed on: i) sound and ar-
tificially damaged specimens before and after the exposure; ii) samples
artificially damaged and treatedwithNANOMATCH1andCaLoSiL®after
the exposure. The amount ofwater (Qi) absorbed by specimens exposed
in the sites of Florence, Cologne and Oviedo is reported in Fig. 11.

Comparing the test results, it is evident that sound specimens absorb
less water before than after exposure. Results related to the specimens
before exposure show that artificially damaged samples absorb ten
times higher amount of water than the sound ones. It is well known
that the higher quantity of water taken up is related to the higher
open porosity: the additional porosity of damaged specimens disaggre-
gated by thermal stress, as observed by OM and SEM, increases the cap-
illary water absorption. Concerning the effect of consolidation of both
tested products, results executed in laboratory as part of the EC

NANOMATCH Project demonstrated that the treated specimens pre-
sented absorption behaviour (WACAverage = 0.034 kgm−2 s−0.5 for
NANOMATCH1 and WACAverage = 0.027 kg m−2 s−0.5 for CaLoSiL®)
fairly similar to the artificially damaged samples (WACAverage = 0.029
kg m−2 s−0.5, Bourguignon et al., 2014). Comparing the water absorp-
tion capillarity of samples before and after exposure, artificially dam-
aged specimens absorb in general less water after than before
exposure, with a similar trend regardless the different site of exposure.
This finding is congruent with the STT results obtained, for this class of
samples, which highlighted an increase of surface cohesion. Moreover,
the outcomes indicate that the different exposure site aswell as the con-
servative products applied (both NANOMATCH1 and CaLoSiL®) do not
significantly influence the capillary water absorption. Treated samples
with both consolidants exposed in each site show a similar trend of
water capillarity absorption.

3.5. Ultrasonic velocity

As for capillarity water absorption test, ultrasonic velocity was per-
formed on: i) sound and artificially damaged specimens before and

Fig. 9. Weight difference between material peeled from the surface of samples treated
with NANOMATCH1 and that removed from the surface of artificially damaged samples
(black dots). Weight difference between material peeled from the surface of samples
treated with CaLoSiL® and that removed from the surface of artificially damaged
samples (white dots). The evaluation considers the samples addressed to all the
European exposure sites.

Fig. 10. Weight difference between material peeled from the surface of sound samples
after exposure for eleven months in the four European sites and that removed from
sound samples before exposure (grey rhombuses). Weight difference between material
peeled from the surface of artificially damaged samples after exposure in the four
European sites and that removed from artificially damaged samples before exposure
(white triangles). Weight difference between material peeled from the surface of
samples treated with NANOMATCH1 after exposure in the four European sites and that
removed from the same samples before exposure (black dots). Weight difference
between material peeled from the surface of samples treated with CaLoSiL® after
exposure in the four European sites and that removed from the same samples before
exposure (white dots).

Fig. 11. Capillarity water absorption results referring to: sound and artificially damaged
samples before exposure (grey and black squares respectively), sound (grey
rhombuses), artificially damaged (white triangles), treated with NANOMATCH1 (black
dots) and treated with CaLoSiL® (white dots) samples after exposure in Florence (a),
Cologne (b) and Oviedo (c).
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after the exposure; ii) samples artificially damaged and treated with
NANOMATCH1 and CaLoSiL® after the exposure in Florence, Cologne
and Oviedo. The obtained results (Table 2) evidenced a decrease in ul-
trasonic velocity in the artificially damaged samples (VAvg = 1433 m
s−1) with respect to the sound ones (VAvg = 6130 m s−1) before expo-
sure. The measured values after thermal stress indicated that the sam-
ples underwent a total structural disintegration following the scale
established by Köhler (1988). After the consolidating treatments, aver-
age ultrasonic velocity values equal to 1389 m s−1 for samples treated
with NANOMATCH1 and 1308 m s−1 for those treated with CaLoSiL®
were detected, slightly lower than those encountered for artificially
damaged ones. The measurements for the freshly treated samples
here reported were carried out as part of the tests conducted in labora-
tory within the framework of the EC Project NANOMATCH
(Bourguignon et al., 2014). Following the execution of these analyses
it has been evidenced higher velocity values near the treated surface
with respect to the opposite untreated surface of the samples, which
has been interpreted by the Bourguignon et al. (2014) at a first glance
as caused by the different content of consolidant in the samples. Never-
theless, since this gradient was also found in artificially damaged sam-
ples, it cannot be linked exclusively to a different penetration of the
consolidant, but textural inhomogeneity of the stone should also be
considered as possible cause. Additionally, Bourguignon et al. (2014)
pointed out that the difficulty in drawing sure interpretation concerning
the penetration depth of consolidation treatments using ultrasonic ve-
locity measurements is particularly exacerbated when dealing with
very low porous lithotype as Carrara marble, even if damaged by ther-
mal stress. After exposure sound samples present a slight decrease in ul-
trasonic velocity at all analysed sites (VAvg = 5475 m s−1), with values
still characteristic of a quarry fresh marble following the scale
established by Köhler (1988). This result is in accordance with the
study done by Simon and Snethlage (1996)within the framework of
the EUROCORE-EUROMARBLE exposure programme, who highlighted
how the ultrasonic velocity of the bulk marble material may respond
sensibly to the environmental impact in unsheltered conditions already
after few months of exposure, even though surface morphological fea-
tures and colour of stones are more rapidly influenced by environmen-
tal conditions being the ultrasonic velocity determined by the internal
grain and pore structure. Additionally, they found that marbles with
coarse-grained (e.g. Lass marble) presented almost no reduction in ul-
trasonic velocity because of the exposure, while slight decreases were
detected for Carrara marble.

Concerning our results, a decreasewas found for artificially damaged
samples, particularly evident for those samples exposed in Oviedo,
which present VAvg= 584m s−1. Velocity decreases also for all samples
treated with both consolidants exposed in Florence and Oviedo, while a

slight increase is detected for specimens treated with NANOMATCH1
placed in Cologne. It should be pointed out that as a general rule, a scat-
tering of at least 0.5 kms−1 should be admitted before changes of us-ve-
locity can be ascribed to enhanced weathering (Sheremeti-Kabashi and
Snethlage, 2000).

3.6. Significance of changes at the stone surface due to environmental
impact

The analyses conducted under microscope pointed out that in spite
of the granular disaggregation caused by thermal stress on Carraramar-
ble samples, both consolidating products remained mainly at the sur-
face of the samples creating an homogeneously distributed layer with
higher thickness and compactness in the case of CaLoSiL®. This finding
is consistent with the outcomes of the tests performed in laboratory
within the framework of the EC project NANOMATCH for verifying the
penetration depth of both consolidating agents on diverse lithotypes,
including Carrara marble which was found to have a very low overall
absorption even if decohesionated (Bourguignon et al., 2014).

The new surface layer formed after the application did not imply
negative consequences on the colorimetric parameters with ΔE* values
not exceeding the threshold of acceptability. In spite of the negligible
improvement of cohesion of the treated samples in their entirety, de-
tected by ultrasonic velocity measurements, a surface consolidation
was achieved as shown by the “peeling test”.

The exposure in situ in unsheltered conditions to precipitation im-
pact implied aweathering of all classes of exposed samples causing aes-
thetic changes generally below the threshold of acceptability, with the
exception of the sample treated with NANOMATCH1 exposed in Bucha-
rest, and a loss of the consolidating layers evident mainly in the speci-
mens placed in Florence and Oviedo. Where still present they
displayed under scanning electron microscope a clearly weathered
morphology and rough and pitted surface. A direct relation between
the increase of roughness and loss of material in carbonate stones,
mainly lowporous,with the rain impact have been evidenced by several
authors (Viles, 1990; Simon and Snethlage, 1996; De, 2003; Sabbioni,
2003; Camuffo, 2013). Moreover, the surface recession caused by rain
impact, including its clean and acid contribution, has been widely stud-
ied and several models and functions have been proposed for its quan-
tification (Lipfert, 1989; Baedecker, 1990; Livingston, 1992;Webb et al.,
1992; Tidblad et al., 2001; Kucera et al., 2007). In reviewing the existing
functions, performed with the aim of their application for the produc-
tion of scenarios of climate change impact on the surface recession of
marble and limestone, Bonazza et al. (2009a) underlined the driving
role of clean rain (the so-called karst effect) in determining the quantity
of materials loss due to precipitation. This weathering phenomenon is
naturally exacerbated in polluted areas because of an additional rain
acidity due to the presence of sulfuric and nitric acid and of the dry de-
position of gaseous pollutants (SO2 and NOX). In addition to the chemi-
cal dissolution process, the mechanical effect of rain needs also to be
taken into consideration, which may significantly increase the surface
recession especially in porous carbonate materials with high surface
roughness during events of heavy precipitation (Camuffo, 2013).
Simon and Snethlage (1996) during the EUROCORE-EUROMARBLE ex-
posure programme found that the interaction between carbonate
stones and incident rainfall produces clear morphological alterations
even within a short term of exposure and higher rates of surface reces-
sion are found in sites affected by highest annual precipitation amount.
Our results are in line with these outcomes having evidenced a major
loss of consolidating agents in those sites characterised by the highest
monthly rain amounts and frequency of heavy rain events (Florence
andOviedo). As bothNANOMATCH1 andCALOSIL® are precursor of cal-
cium carbonate, calcite and vaterite are the only two possible mineral
phases expected to crystallize within stone porosity following their ap-
plication, making them susceptible to chemical dissolution by rainfall.
Besides the dissolution of the carbonate matrix, it is widely known

Table 2
Ultrasonic velocity measured in Carrara marble samples. V1, V2, V3 (m s−1) indicate three
different measurements carried out on the same samples and their average value is
expressed as VAvg (m s−1). Standard deviation (s.d.) is also reported.

SAMPLE V1 V2 V3 VAvg s.d.

(m s−1) (m s−1) (m s−1) (m s−1)

Sound_before exposure 6098 6410 5882 6130 265.4
Art. damaged_before exposure 1441 1453 1405 1433 24.9
Sound_Cologne 5484 5313 5313 5370 98.9
Sound_Florence 5426 5484 5484 5464 33.7
Sound_Oviedo 5568 5568 5632 5590 37.0
Art. damaged_Cologne 1302 1323 1295 1307 14.3
Art. damaged_Florence 1345 1273 1319 1312 36.1
Art. damaged_Oviedo 589 584 580 584 4.7
NANOMATCH1_Cologne 1443 1431 1435 1436 6.2
NANOMATCH1_Florence 1158 1216 1189 1188 28.8
NANOMATCH1_Oviedo 944 939 946 943 3.6
CaLoSiL®_Cologne 1416 1333 1302 1351 59.1
CaLoSiL®_Florence 1129 1116 1142 1129 12.7
CaLoSiL®_Oviedo 1126 1121 1111 1120 7.8
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that as consequence of rainfall impact, precipitation of secondary calcite
can occur as the water evaporates at the surface with formation of new
low porous and hard calcareous crusts (calcrete) on carbonate stones
(Dever et al., 1987; Cassar, 2002) Rainwater saturatedwith carbon diox-
ide acts in fact as an acid dissolving calcite and then redeposits it as a
precipitate on the surfaces of the soil particles. The formation of a
layer of secondary calcite observed by scanning electron microscope
(Fig. 7) may be reasonably attributed to this phenomenon and consti-
tutes a reliable explanation of the slight increase in the surface cohesive
properties of the exposed samples, particularly artificially damaged
ones detected by the “peeling test”.

4. Conclusions

As consequence of the predicted increase over the 21st century of
surface recession on carbonate materials, a deep understanding of the
performance of conservative products in responding to environmental
impact is essential for setting up suitable strategies of cultural heritage
safeguard.

By performing filed exposure tests, the work presented allowed to
investigate the effect of climate parameters, particularly rainfall, on Car-
rara marble in different state (quarry fresh, total structural disaggre-
gated, treated with NANOMATCH1 and CaLoSiL®) exposed in four
European sites with diverse environments. The conditions of exposure
were set up and the analyses selected and conductedwith themain pur-
pose of exploring the surface changes occurring on Carraramarble sam-
ples i) after the application of the consolidating products and ii) before
and after exposure. Moreover the innovative consolidating product
synthetized in the framework of the EC ProjectNANOMATCHwas tested
in field.

Both conservative products were found to remain mainly on surface
and did not penetrate deeply in the substrate. This implied only a sur-
face cohesion of samples pointing out that the examined products be-
haved as protectives agents or surfaces of sacrifice rather than
consolidants.

Following the exposure in situ a loss of the consolidating layers was
found mainly for the samples exposed in the sites characterised by the
highest monthly rain amounts and frequency of heavy rain events.

Further investigations are suggested in order to improve the pene-
tration of the products taking into consideration the best environmental
conditions and techniques of application, the proper materials to be
treated and the most appropriate solvent. Following our results in fact
it may be argued that marble substrates are not suitable materials to
be treatedwith the tested consolidants, while porous limestones should
be perhaps preferred. Additional studies should be also carried out in
order to better characterise NANOMATCH1 product as well as to clarify
which processes lead to the formation of the cracked layer observed on
stone surface by SEM technique.
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Abstract

The impact of climate on cultural heritage surfaces leads to several damage processes and the protection and the
preservation of works of art is a challenge for conservation scientists and restorers. Traditional and innovative products
are used in consolidating treatments in order to reduce the effects of the interaction environment-materials. The EC
NANOMATCH Project aims at the development of innovative consolidating agents for carbonate matrices, wood and
glass whose features should result in high compatibility, efficiency and long-lasting effect. In this project, metal
alkoxides, molecular precursors for the deposition of metal carbonate are synthesized, characterized, tested and
proposed as an alternative to traditional consolidating agents as well as to calcium hydroxide nanoparticles. This
paper gives an overall description of the methodological approach adopted for the in field evaluation of durability
taking into account the environmental impact. Preliminary results of the analyses carried out on carbonate stones
aimed at investigating the features of the consolidating treatment are here presented and discussed.

Keywords: Consolidating treatments, Metal alkoxides, Durability, Climate impact, Carbonate stones, Cultural heritage
conservation

Introduction
Climate is predicted to change in the near and far future.
The EC NOAH’S ARK Project [1-3] has contributed to
the production of scenarios and maps representing the
European situation concerning climatic events and re-
lated damage processes affecting outdoor built cultural
heritage. The foreseen impact of climate change on car-
bonate stone, marble and limestone, for the 21st century
indicates that they will undergo an increase of surface
recession, resulting mainly from the yearly precipitation
amount and the rise in carbon dioxide concentration; in
addition, thermal stress will be experienced by marble,
and increased salt crystallization by porous stone [4-7].
Although knowledge on deterioration processes of build-
ing materials have been greatly improved, no really

effective solutions to preserve and protect these mate-
rials have been found yet.
Both organic and inorganic consolidating products

have been traditionally used in order to recover the
mechanical properties of damaged materials of built
heritage. A wide range of synthetic polymers has been
extensively used in stone conservation treatments, but
their long lasting efficacy and performance in preventing
further deterioration has been recently drastically recon-
sidered as they frequently undergo chemical modifica-
tions induced both by environmental conditions and
irreversibility of the treatment [8-10]. Traditional inor-
ganic treatments, though usually more compatible with
the carbonate matrices, suffer from low solubility and
therefore a resulting low amount of applied product as
well as from a scarcely cohesive effect. Penetration
depth, physico-chemical compatibility, stability, absence
of by-products and partial filling of porosity are those
characteristics to be evaluated in choosing the best con-
solidating material for a valid conservation treatment.
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In the last decade nanomaterials have been specifically
developed for restoration procedures. In particular cal-
cium, magnesium, barium hydroxide nanoparticles have
been largely studied and their potentiality as surface
consolidating agents has been demonstrated [11-13]. Al-
though these innovative materials have been extensively
characterized, little is known about their behaviour in
outdoor environment and their durability.
The EC NANOMATCH Project is aimed at developing

innovative consolidating products for carbonate matri-
ces, wood and glass. In particular, metal alkoxides have
been identified and then synthesized as molecular pre-
cursors for the deposition of metal carbonate as consoli-
dating agent for carbonate stones, the same product as
alkaline reservoir to prevent acidity of wooden materials
and metal oxide as a glass consolidant. Alkaline earth
and semimetal alkoxides are suitable molecular precur-
sors because the corresponding solutions or nano-
particulate inorganic sols, upon evaporation of the solv-
ent based carrier, undergo hydrolysis and condensation
or carbonation inside the porous structure of the sub-
strate. Particularly, calcium alkoxides, acting as precursors
of corresponding carbonate [14,15], can be considered for
stone strengthening as an indispensable and essential pre-
liminary action for its conservation, as demonstrated
within the bilateral Italian-French GALILEO Project [16].
The same material has been used for wood as these mate-
rials, besides strengthening effects, also ensure an alkaline
supply to mitigate acidic deterioration processes of cellu-
lose structures.
The expected features making them competitive re-

spect to conventional conservation products are their (i)
compatibility with the main materials used in built heri-
tage like stone and wood -even painted- and glass, en-
suring enhanced durability, re-treatability, sustainability
and efficiency, (ii) easy and safe handling during applica-
tions, (iii) satisfactory selling prices.
In this paper we will briefly describe the methodo-

logical approach adopted for the evaluation in field of
the performances of newly developed products com-
pared to commercial ones applied on carbonate stones.
Furthermore, the study here presented is part of the ex-
perimental work carried out within the project to
achieve an exhaustive performance evaluation of the de-
veloped material by investigating its efficacy, compatibil-
ity and durability. As the latter aspect is intimately
linked to climate impact, environmental parameters hav-
ing a crucial role in damage processes have been priori-
tized for a correct evaluation of the durability of the
NANOMATCH product during the test in field. Climate
parameters have been considered more important than
pollution parameters in addressing the objectives of the
NANOMATCH project. The main parameters linked to
climate change and trigging future damage on materials

constituting immovable and movable heritage have been
identified from the results of previous EU projects
[17-21] and taken into account for the definition of
methodologies to assess long-term behaviour of treat-
ments. Rain, relative humidity, air temperature, wind,
solar radiation contribute to trigger decohesion pro-
cesses affecting carbonate stones and therefore believed
to have priority for the evaluation of the compatibility,
efficiency and performance of nano-structured materials
in field. In addition, surface temperature has been also
taken into account as an important parameter linked to
the material constituent the work of art. The aim of this
paper is to highlight how field exposure tests can consti-
tute a valid tool to investigate compatibility and durabil-
ity of innovative nanostructured consolidating agents,
specifically developed to be applied on outdoor built
heritage surfaces. The methodological approach adopted
to achieve the project objectives is described and part of
the results obtained by analysing samples before/after
treatment and after exposure by means of different ana-
lytical techniques are presented and discussed.

Materials and methods
Synthesis of calcium alkoxides
Different synthetic routes have been tested and more
than 20 different alkoxides have been obtained in order
to identify the right products and the suitable method-
ology for its production at industrial scale. In first in-
stance, calcium and magnesium alkoxides were believed
adequate to be used in the field of conservation of cul-
tural heritage.
Synthesis of calcium alkoxides, involving ammonia

gas-assisted reactions with the corresponding alcohol,
have been carried out in nitrogen-filled gloves-boxes
with the exclusion of moisture and oxygen according to
procedures already described in the literature [22]. The
reaction mixture can arise as a white suspension or as a
clear solution depending on the alkoxide: in the case of
a white suspension, the white precipitate is recovered by
centrifugation while in the case of a clear solution, the
product is recovered by solvent evaporation.
Then, two alkoxides have been selected on the basis

of their properties (solubility in common organic sol-
vents, volatility of the corresponding alcohol, low toxicity):
Ca(OCH2CH3)2 (NANOMATCH2) and a Ca(OTHF)2,
where THF = tetrahydrofurfuryl moiety (NANOMATCH1).
These have been up-scaled to produce about 3Kg of each
compound.
Although several synthetic methodologies can be used

[23] to synthesize magnesium alkoxides, preliminary car-
bonation tests performed with available commercial
products demonstrated that they are unsuitable for con-
servation of built heritage [24,25].

Natali et al. Heritage Science  (2015) 3:6 Page 2 of 13

https://www.researchgate.net/publication/229687060_A_novel_approach_to_consolidation_of_historical_limestone_The_calcium_alkoxides?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==
https://www.researchgate.net/publication/236259249_The_synthesis_of_metal_organic_compounds_of_calcium_strontium_and_barium_by_ammonia_gas-saturated_ethereal_solvents?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==
https://www.researchgate.net/publication/235634651_New_Calcium_Alkoxides_for_Consolidation_of_Carbonate_Rocks_Influence_of_Precursors'_Characteristics_on_Morphology_Crystalline_Phase_and_Consolidation_Effects?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==
https://www.researchgate.net/publication/262817071_Final_assessment_model_for_cultural_heritage?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==
https://www.researchgate.net/publication/248546059_Nanotechnology_in_cultural_heritage_conservation_Nanometric_slaked_lime_saves_architectonic_and_artistic_surfaces_from_decay?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==
https://www.researchgate.net/publication/261987737_Alkaline_earth_alkoxides_for_conservation_treatment_of_stone_and_wood_in_built_heritage?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==
https://www.researchgate.net/publication/7482192_Nanostructure_and_Irreversible_Colloidal_Behavior_of_CaOH_2_Implications_in_Cultural_Heritage_Conservation?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==


Coatings investigation
Figure 1 show the possible pathways for the formation
of calcium carbonate from calcium alkoxides. To assess
the kinetic and the final products of the carbonation
process, the calcium alkoxides produced by different syn-
thetic pathways have been dissolved in alcohol and depos-
ited on suitable substrates. The corresponding coatings
have been analysed by different techniques (FT-IR, XRD;
FEG ESEM) and details can be found in papers by Favaro
et al. (2013) [24,25].
The effects of solvents and different relative humidity

conditions (50 and 90%) on carbonation rate and phase
formation as well as the effects of outdoor environment
and liquid water have been investigated. The results evi-
denced the complexity of carbonation process, where
the most kinetically favoured vaterite is always formed
but it can evolve to the thermodynamically stable calcite
by addition of water and with high relative humidity.
The choice of the solvent is extremely important to con-
trol carbonation rate: higher vapour pressure (fast evapor-
ation rate) leads to faster carbonation. Slow carbonation is
also related to the formation of the thermodynamically
favoured phase calcite.

Lithotypes selection and application trials
The selection of stones has been restricted to carbonate
ones since the Ca-alkoxide products developed in the
NANOMATCH project are mainly meant for the con-
solidation of calcite-based matrices by deposition of cal-
cium carbonate. Stone materials have been selected on
the basis of their Water Absorption Coefficient (WAC)
and total porosity. In particular, lithotypes characterized
by having very different values of these two properties
have been chosen; then, the final choice took into ac-
count stones presenting extreme, completely different
values of total porosity and WAC.
Therefore, Carrara marble, Savonnières limestone, Laspra

dolostone and Albeşti limestone have been selected and
used for testing in field (vide infra). Moreover, as the
Ca-alkoxide products developed in the project aimed at
treating substrates presenting granular disintegration
(sugaring, powdering, sanding), it has been decided to
carry out the tests on both sound stones and artificially
deteriorated stones. Other lithotypes have been tested

in laboratory as part of the experimental work planned
within the project (Figure 2a), not presented in this
paper.
Moreover, the Ca-alkoxide consolidants developed

during the NANOMATCH project have been compared
to a commercial consolidants currently on the market,
CaLoSiL® manufactured by IBZ-Salzchemie (Freiberg,
Germany).
A number of application trials (Figure 2b) have been

carried out on all stones in order to optimize the appli-
cation parameters of both compounds. The trials en-
abled to select the application solvent, the product
concentration and the application conditions that gave
the best results. Four different solvents (2 alcohols and 2
hydrocarbon based) or mixture of them at different con-
centration have been applied on the different lithotypes.
The best results have been obtained with solution of

alkoxides with 20 g/L of Ca in ethanol:ligroin 1:1 applied
by brush for two times (different application methods/
condition gave worse results), on the basis of visual ap-
pearance, amount of consolidant introduced as well as
scratch test.

Tests in field
Four European monuments have been selected as field
exposure sites. For each of them one typical lithotype
(Table 1) has been chosen to carry out the experimental
work in order to assess the performance of the product
when exposed to different natural conditions. In particular,
Carrara marble, Savonnières limestone (oolitic limestone),
Laspra dolostone and Albeşti limestone (nummulitic lime-
stone) are lithotypes representative of Santa Croce Basilica
in Florence, Cologne Cathedral, Oviedo Cathedral and
Stavropoleos Monastery, respectively. Plaques with size of
10×10×5 cm3 for each lithotype has been prepared as
model samples in order to test in field efficacy, com-
patibility towards stone and durability against climate
impact of the alkaline earth metal alkoxides as consoli-
dating agents. Although Carrara marble is typical of
Florentine architecture, this lithotype has been exposed
in all four sites together with one local lithotype, to
evaluate the impact of climate on the same stone in dif-
ferent European geographical areas.

Figure 1 Possible pathways for the formation of CaCO3 from Ca(OR)2: insertion of CO2 can either follow or precede the hydrolysis.
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For the exposure test, Carrara marble and Savonnières
limestone have been previously artificially damaged re-
spectively by thermal shock (heating treatment at 600°C
for 1 h) and by contamination with sodium sulfate (5%
w/w Na2SO4 solution). The thermal shock carried out
on Carrara marble was aimed exclusively at obtaining
samples characterized by a heavy intergranular decohe-
sion (damage effect) without any purpose of simulating a
realistic outdoor damage process. A set of samples of
each of the two types of stone has been exposed undam-
aged, while four samples of each lithotype have been
treated with the NANOMATCH1 product. Other identi-
cal sets have been treated with CaLoSiL® in order to
make a comparison. Table 2 summarizes the artificial de-
terioration and the consolidating treatments carried out
on the four lithotypes.
Model samples have been placed in galvanized rack

(Figure 3) specifically built for field testing, located out-
door in an unsheltered area, exposed to environmental
impact so that at each site of exposure specimens of the
local lithotype are present and Carrara marble as well.
Samples were exposed for 11 months in each site, from
April/May 2013 to March/April 2014. In Florence the
rack has been installed outside on the roof above the
Pazzi’s and Castellani’s Chapels in the south-west side of
Santa Croce Basilica. In Cologne the rack was installed
at 20 m height on a small outside balcony at the south
side of the Cathedral. Concerning Oviedo, samples have
been placed in the “Patio de Carton”, on the south side
of the Cathedral, while in Bucharest in the southeast side
of the courtyard of the Monastery. Climatic and micro-
climatic data (rain, wind, solar radiation, relative humid-
ity, air and surface temperature) were continuously
collected outdoors nearby the rack, close to the samples

exposed, they were analysed, and their temporal evolu-
tion for the whole duration of the exposure was studied.
During the monitoring campaign Florence and Oviedo
were characterized by the highest cumulative amounts
of rainfalls, both around 820 mm, followed by Cologne
(460 mm) and Bucharest (275 mm). Florence and Ovi-
edo were also characterized by the highest rain monthly
amounts (respectively 144 mm in October in Florence
and 152 in November in Oviedo). Average relative hu-
midity was around 70-74% during the field exposure at
all sites, with the highest values in Bucharest. The lowest
air thermal value close to the stone samples was mea-
sured in Bucharest (−14°C in January), where it also
snowed heavily at the beginning of February. Neverthe-
less, Bucharest was the site characterized by the lowest
average values of thermo-hygrometric daily variations,
respectively of 14°C for temperature and 55% for relative
humidity. In the other sites, the average daily thermal
variations were of 22-24°C, whilst the average daily
hygrometric variations were between 60% (Cologne) and
75% (Florence). The risks for the most important
physical damage processes for the material investigated
(i.e. condensation, freeze-thaw cycles, salts crystallization
etc.) were evaluated, as well as other potentially damage
phenomena related to the climatic and microclimatic con-
ditions (i.e. surface heating, thermo-hygrometric cycles,
etc.). The results of the microclimatic monitoring are
reported in details in [26].
It is well known that pollutants in synergy with envir-

onmental factors trigger many damage processes affect-
ing surfaces. According to the methodological approach
adopted in the NANOMATCH Project, samples have
been placed outdoor, in an unsheltered area and so ex-
posed to the rain-wash out. However, all samples were

Figure 2 Samples of the stones selected for testing (left); application trials on different lithotypes (right).

Table 1 Lithotypes and sites of exposure selected for the field test within NANOMATCH Project

Lithotype Site of exposure

Carrara Marble Santa Croce Basilica Florence, Cologne Cathedral, Oviedo Cathedral, Stavropoleos Monastery Bucharest

Savonnières limestone Cologne Cathedral

Laspra dolostone Oviedo Cathedral

Albeşti limestone Stavropoleos Monastery Bucharest
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placed in urban environments therefore affected by prob-
lems related to the vehicular traffic, domestic heating and
industry. Moreover, Cologne, Oviedo and Bucharest have
also to face pollution caused by power plants (some of
them also fuelled by coal) located within the cities or in
their periphery. Oviedo is also placed in a coal mining
area, implying a high concentration of SO2, NOX, CO2

and traces of heavy metals in the atmosphere. However in
Florence, Oviedo and Bucharest samples were exposed in
pedestrian areas and therefore not directly exposed to ve-
hicular traffic impact. On the contrary, Cologne cathedral
is aside the railway station and in traffic congested area.
The yearly reports about the air quality status for the year
2013 of the four cities confirm the main pollution prob-
lems are the still high concentration of nitrogen oxides
and particulate matter, both connected with vehicular traf-
fic emissions. Examining the yearly report about the air
quality status of Tuscany for the year 2013 [27], some
events of pollutants concentration exceeding suggested
thresholds were observed in the congested monitoring
station of Gramsci Avenue, located near Santa Croce

Basilica. For example, the daily mean limit value of PM10
regulated by the European Directive 2008/50/EC and the
Italian D.Lgs 155/2010 and D.Lgs 250/2012 was not
respected as well as the concentration of ozone (O3).
Moreover, the concentration of NO2 exceeded the annual
limit value of 40 μgm−3. During the 2013 there was also a
reduction of the yearly mean concentration of carbon
monoxide (CO) and sulfur dioxide (SO2). Concerning Co-
logne, the annual report on air quality of the North Rhine-
Westphalia relative to 2013 [28] highlighted that the
amount of particulate matter slightly increased while the
hourly limit value of nitrogen dioxide was respected in all
the monitoring stations, although some excesses of the an-
nual limit value occurred in congested areas such as the
one located near the Cologne Cathedral. An improvement
in the concentration of sulfur dioxide and ozone was ob-
served, the latter facilitated by few long sunshine periods
and by the decrease in emissions of precursors such as
NOX and volatile hydrocarbons. During the eleven
months of stone samples exposition in Oviedo no excesses
in sulfur dioxide concentration were recorded by the
monitoring station nearest to the Cathedral, both of the
hourly and the daily limits (respectively 350 μgm−3 and
125 μgm−3) [29]. Moreover, there was an improvement in
the emission of ozone in respect to the previous years
while the concentration of nitrogen dioxide and particu-
late overtook the limits, remaining, however, below the
number of possible excesses. The Rumanian annual report
on air quality relative to 2013 [30] highlighted that the
concentration of nitrogen oxides and of the particulate
matter were still high in Bucharest while the sulfur dioxide
emissions did not manifest any excess of the hourly and
daily limit values.

Analytical techniques
Analyses on model samples have been performed before
and after the consolidation treatments with both the
NANOMATCH1 and commercial products. Then, sam-
ples have been exposed at the sites. Performance in
terms of efficacy, compatibility and durability of the
newly developed product have been evaluated by com-
paring results obtained before exposition, and after one

Table 2 Artificial deterioration and consolidating treatments carried out on the four lithotypes

Site Model sample
(10 × 10 × 5) cm3

Artificial deterioration Treatments

Florence Carrara marble Thermal shock NANOMATCH1 solution in 1:1 ethanol:ligroin at 20 g/L of Ca

Cologne Carrara marble Thermal shock

Savonnières limestone Contaminated with a 5% w/w Na2SO4 solution

Oviedo Carrara marble Thermal shock COMMERCIAL: CaLoSiL® – 20 g/L of Ca in ethanol

Laspra dolostone -

Bucharest Carrara marble Thermal shock

Albesti limestone -

Figure 3 Galvanized rack used for the field exposure test
(Santa Croce Basilica, Florence).
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year of exposure of each treated/untreated stone by
means of the following analyses:

– Optical Microscopy (OM) both in transmitted and
reflected light on thin and polished cross sections of
each lithotype using an Olympus BX51 microscope;

– Scanning Electron Microscopy - Energy Dispersive
X-ray spectroscopy (SEM-EDX) using a ZEISS 1530
instrument, equipped with two different Secondary
Electrons (SE) detectors, the InLens (IL) and the
Everhart-Thornley detectors (ETD);

– Color measurements (spectrophotometry) carried
out according to the CIE L*a*b* chromaticity
diagram and to the UNI 8941 Standard Colored
surfaces, using a KONICA MINOLTA CM700d
Spectrophotometer, performing measurements with
a spot size of 8 mm diameter in the 400–700 nm
spectral range.

– Scotch Tape Test (STT)
– Capillarity water absorption test.

Objectives and analyses performed on the four litho-
types are summarized in Table 3.
Cohesion, surface properties, penetration depth, inter-

actions with stone, porosity and water absorption have
been therefore evaluated and compared.

Results and discussion
Analyses on collected samples have been carried out
with the aim to verify the cohesive properties conferred
to the surface by the treatments, the possible textural
and structural modifications induced by the application
of the nanomaterials to the stone surface, the penetra-
tion depth of the consolidating product, as well as pos-
sible interactions with the stone.
In this section the most important contributes ob-

tained from each analytical technique, with exception of
capillarity water absorption test, are shown in order to

highlight the potentialities of the adopted methodo-
logical approach.
Intergranular decohesion induced by thermal shock is

clearly visible in OM and SEM images of Carrara marble
artificially damaged (Figure 4a and b, respectively). On all
analysed samples, the treatment with NANOMATCH1
product has been identified as a surface homogeneous
microcrystalline layer, whose thickness and penetration
into the stone matrix depend on the lithotype’s porosity
and petrographic characteristics (Figure 5a, c, e). The
treatment performed with CaLoSiL® (Figure 5b, d, f ) also
leads to a surface microcrystallization layer characterized
by higher thickness values. In addition, the surface layers
produced, although they are both constituted by calcium
carbonate microcrystals, appear different in terms of
compactness and distribution on samples’ surfaces. The
CaLoSiL® treatment induces the formation of a more com-
pact layer adhering to the surface, while NANOMATCH1
treatment appears less compact, following the surface’s
shape of the stone, as highlighted by the red arrows in
Figure 5.
Analyses performed after exposure have highlighted

traces of NANOMATCH1 product within the stone
matrix, filling intergranular spaces as calcium carbonate
recrystallization (Figure 6a, b).
On the contrary, CaLoSiL® treatment is still clearly vis-

ible on Carrara Marble surface after exposure and it ap-
pears as a discontinuous brownish surface layer in plane
polarized light, and as a bright greenish microcrystalline
layer in cross polarized light (Figure 6c, d).
More information about the capability of the product

to penetrate into fractures and cracks have been ob-
tained by SEM investigation executed after the exposure.
In particular, after 11 month of exposure in Florence
and Cologne, morphological observations performed on
cross sections of treated sample surfaces demonstrated
different decay patterns according to the consolidating
treatment (NANOMATCH1 or CaLoSiL®) and exposure.
It can be pointed out that samples from Florence show

Table 3 Analyses performed on the four lithotypes samples and objectives

Objective Analysis When Lithotype Site

Colour change colorimetry Before/after treatment all all

After exposure

Cohesion, surface properties,
penetration depth, interaction

SEM-EDX Before/after treatment Carrara marble, Savonniéres limestone Florence, Cologne

After exposure

Cohesion, penetration depth,
interaction

OM Before/after treatment Carrara marble, Savonniéres limestone Florence, Cologne

After exposure

Cohesion ScotchTapeTest Before/after treatment all all

After exposure

Water absorption capillarity water
absorption

Before treatment/after
exposure

Carrara marble, Savonniéres limestone
(on selected samples purposely prepared)

Florence, Cologne
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Figure 4 Optical micrograph (plane-polarized light) (a) and scanning electron micrograph (b) of Carrara Marble artificially damaged by
thermal shock.

A B

C D

E F

Figure 5 Optical micrographs of: Carrara Marble treated with NANOMATCH1 product (plane-polarized light) (a) and CaLoSiL® (crossed-
polarized light) (b); Laspra dolostone treated with NANOMATCH1 product (crossed-polarized light) (c) and CaLoSiL® (crossed-polarized
light) (d); Savonnières limestone treated with NANOMATCH1 product (crossed-polarized light) (e) and CaLoSiL® (crossed-polarized light) (f).
Red arrows indicate the surface microcrystalline layer formed after the consolidating treatment executed with the two products.

Natali et al. Heritage Science  (2015) 3:6 Page 7 of 13



more severe effects of pitting on the surface, having the
treatment layer been thinned and largely removed leav-
ing uncovered and visible crystals of calcite (Figure 7a).
This effect can be linked to the acid rain impact that par-
tially dissolved the calcium carbonate formed by the
treatment, being stone samples exposed outdoors in un-
sheltered positions. Taking into account the values of pre-
cipitation recorded during the exposure period it should be
underlined that Florence, along with Oviedo, has been
characterized by the highest cumulative amounts of rainfall
during the monitoring campaigns (820 mm), followed by
Cologne (460 mm). It is known that the main cause of rain
acidification is essentially attributable to an increase of car-
bon dioxide concentration in the air and to other gaseous
compounds such as NOx and SO2, whose concentration in
urban environment is mostly linked to anthropogenic activ-
ity. Comparing acidifying agents concentrations registered
by the local agencies from 22/07/2013 to 31/12/2013 it can
be noticed that nitrogen oxides concentration registered
close to Santa Croce Basilica [27] are higher than those re-
corded in Cologne [28] (Figure 8). Moreover, a similar dis-
tribution has been noticed observing samples treated with
NANOMATCH1 product, independently from the site ex-
posure. Indeed, the product is randomly distributed along
the inner pores (Figure 7b) forming a superficial coating
adhering to the calcite surface on wider pores (pore diam-
eter > 20-30 um). Morphological observations performed

on marble treated with CaLoSiL® and exposed in Florence
and Cologne showed the uneven presence of the product
mainly distributed along the surface (Figure 7d); the pit-
ting effect has been also observed (Figure 7c).
In general, surface treatments adopted in conservation

procedure should not strongly modify the aesthetic as-
pect of the work of art. Spectrophotometric measure-
ments have been performed according to the CIE L*a*b*
chromaticity diagram in order to verify if possible differ-
ences in colour of surfaces induced by NANOMATCH1
treatment would be noticed and if they might be consid-
ered negligible or not. Taking into account the indication
given by García and Malaga [31] with regard to the
threshold value of ΔE* accepted as reference in the
evaluation of a conservation treatment, the ΔE* values,
calculated using colour coordinates referred to the sur-
face of the samples before and after treatment, cannot
be seen by a human eye when they are < 5 units.
Each colour parameter has been acquired for each

lithotype before and after the treatment and therefore
the total colour difference has been calculated using the
formula (1):

ΔE� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL�2−L�1Þ2 þ ða�2−a�1Þ2 þ ðb�2−b�1Þ2

q
ð1Þ

As shown in Figure 9, the average values of the total
colour differences calculated using colour parameters

Figure 6 Optical micrographs of: Carrara Marble treated with NANOMATCH1 product after the exposure in plane-polarized light (a)
and in crossed-polarized light (b); Carrara Marble treated with CaLoSiL® after the exposure in crossed-polarized light (c, d). Red arrows
indicate the surface microcrystalline layer still present on the marble surface.

Natali et al. Heritage Science  (2015) 3:6 Page 8 of 13

https://www.researchgate.net/publication/251665626_Definition_of_the_procedure_to_determine_the_suitability_and_durability_of_an_anti-graffiti_product_for_application_on_cultural_heritage_porous_materials?el=1_x_8&enrichId=rgreq-6913f60f4847b5f9d4c35b7a1ea0c6de-XXX&enrichSource=Y292ZXJQYWdlOzI3MzUxODE0NDtBUzoyODk0MjMwNzQ4NDA1NzZAMTQ0NjAxNTI0NzA4Nw==


acquired before and after NANOMATCH1 treatment
lies under the threshold value (ΔE* = 5) for all lithotypes;
on the contrary, CaLoSiL® treatment induces total colour
differences higher respect to the threshold value, except
for Carrara Marble samples. In addition, measurements
highlighted that L* and b* are the colour parameters
principally changing in consequence of the consolidat-
ing treatments, leading to a surface whitening and a

yellowing effect respectively. It has been noticed that
for a white coloured stone as Carrara Marble, the gen-
eral increase in L* values is attributable in first instance
to the heating treatment. The treatments do not contrib-
ute to further increase of this effect. A slight yellowing

Figure 8 Hourly mean concentration of NO, NO2 and SO2

registered during the period 22/07/2013-31/12/2013 by the
local agencies for the monitoring of the environment and air
quality [27,28].

Figure 9 Total colour difference calculated using colour
parameters acquired before and after treatment with
NANOMATCH1 product and CaLoSiL®. The red line marks the
threshold value indicated by García and Malaga [31].

Figure 7 SEM micrographs of Carrara marble treated with: NANOMATCH1 product after exposure, bulk sample (a) and polished crossed
section (b); CaLoSiL® product after exposure bulk sample (c) and polished crossed section (d). Red circle indicates the coating formed by the
NANOMATCH1 treatment adhering to the calcite surface within pores.
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effect has been observed in samples treated with NANO-
MATCH1 product.
Colour measurements carried out after the exposure

have allowed to estimate the colour variation due to the
outdoor exposure. Among obtained results, it was inter-
esting to verify which set of samples had undergone
major colour changes and, in particular, which colour
parameters were mostly involved. In Figure 10 ΔL*, Δa*,
Δb* values referred to Carrara Marble exposed in
Bucharest, calculated from data acquired before and
after exposure are presented. It can be pointed out that
the highest variations for each colour parameter are re-
ferred to artificially damaged samples where the ΔL*
reaches the highest negative value (|ΔL*| = 9.25), mean-
ing a more pronounced darkening of the exposed surface
with respect to undamaged and treated samples as well.
Surface cohesion characteristics of the stones before

and after the consolidating treatment have been assessed
by carrying out the peeling test recommended by many
authors and standardized by Drdácký et al. [32]. It con-
sists in applying and removing pressure sensitive tape

over the surface of interest to evaluate the amount of in-
coherent material peeled from the surface by gravimetri-
cal analysis (Figure 11). In Figure 12 results among those
obtained by performing STT on Carrara marble and
Albeşti limestone model samples are presented. In gen-
eral, STT carried out on all stone samples show that the
amount of material peeled from the surface after the
NANOMATCH1 treatment is highly reduced as com-
pared to the amount removed before the treatment;
moreover, while the test performed on untreated sam-
ples highlights a reduction of the quantity of incoherent
material removed from the surface in function of the
number of peeling executed (the stone is much more de-
tached and mechanically deteriorated on the surface re-
spect to the inner part), samples treated with
NANOMATCH1 product show that the amount of re-
moved material is independent from the number of peel-
ing carried out, suggesting a surface hardening effect.
On the contrary, CaLoSiL® treatment seems to be inef-
fective in reducing the detachment of the surface, as the
quantity of incoherent material removed before and after
treatment are comparable.
Both untreated and treated samples after the exposure

show a decrease of the material removed by the peeling
action, probably due to the rain compacting action and
to calcite dissolution and recrystallization phenomena.
As an example, STT results referred to Carrara Marble
exposed in Bucharest are reported in Figure 13. Con-
cerning NANOMATCH1 treatment’s behaviour, it could
be noticed that a positive mild effect of exposure oc-
curred, with general slight increase of cohesion in deeper
layers. CaLoSiL® treatment demonstrate best results after
exposure respect to before exposure, highlighting the
slow kinetics of carbonation reaction being CaLoSiL®
constituted by nanoparticles suspended in different alco-
hols and having sizes ranging between 50 and 150 nm
depending on the production process.

Key outputs
In this paper the methodological approach adopted by
field exposure tests in the EC NANOMATCH project

Figure 10 ΔL*, Δa*, Δb* referred to Carrara Marble exposed
Bucharest calculated from data acquired before and
after exposure.

Figure 11 Scotch tape test on Carrara Marble samples.
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for the evaluation of climate impact on the performances
of newly developed products was described. The pre-
sented data should be read as part of the preliminary re-
sults of the analyses carried out before and after the
application of the product on stone samples.
In terms of aesthetic compatibility NANOMATCH1

product can be considered suitable to be used as consoli-
dant for the selected lithotypes as it does not affect the ap-
pearance of the stone when appropriately applied. Results
showed that it leads to the formation of microcrystalline
aggregates on porous limestones’ surfaces, somewhere
penetrating the stone matrix; on stones characterized by
low porosity or microporosity (as Carrara Marble) it forms
a discontinuous microcrystalline surface layer. After

exposure, morphological observations performed on stone
surfaces and sections of samples treated with NANO-
MATCH1 and CaLoSiL® products, demonstrated that the
calcium carbonate coating deriving NANOMATCH1
product is barely observable over the surface and is ran-
domly distributed on wider pores and cracks below the
stone surfaces, while the consolidant obtained from car-
bonation of CaLoSiL® is exclusively located on the out-
most surface and it is affected by fissures as the substrate
itself due to outdoor weathering.
A good surface cohesive effect is achievable in a short

time after its application on stones, due to the fast reac-
tions of alkoxides with atmospheric H2O and CO2. More-
over, greater cohesion of the surface has been detected

Figure 12 Scotch Tape Test data referred to samples of Carrara Marble (up) and to Albeşti limestone (bottom) treated with the two
consolidating agents.

Figure 13 Scotch Tape Test data referred to samples of Carrara Marble treated with the two consolidating agents and exposed in Bucharest.
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after the exposure period, even though the NANO-
MATCH product is almost absent on the stone surface, as
confirmed by optical and electron scanning morphological
observations. Comparing and combining OM and SEM
results with those obtained by the peeling test (STT) it
has been possible to argue for the calcium carbonate de-
riving from the calcium alkoxide a partial dissolution,
penetration and recrystallization of the product within the
porous matrix as a consequence of the exposure.
The comparison and the crosschecking of all the re-

sults obtained by the analyses of samples before/after
treatment and after one year of exposure will allow to
evaluate the durability of the nanostructured material
developed within the NANOMATCH project and the
climatic impact on the innovative treatment and the
treated surfaces related to different geographical areas.
The preliminary analyses carried out on Carrara Marble,
the only lithotype exposed in all the sites, indicate that
the differences in the environmental factors present at
each site do not translate in significant differences be-
tween the marble samples exposed at the different sites.
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Abstract 
The UNESCO site of San Fernando arises in the northern part of the Bay of Portobelo, on the 
Panamanian Caribbean coast, and belongs to a group of military fortifications erected during the XVII-
XVIII centuries by the Spanish Empire. These defence structures were aimed at protecting the strategic 
outpost for the transoceanic trade, between the "New" and the "Old World", from the pirate attacks.  
In order to safeguard this impressive site, the Institute of Atmospheric Sciences and Climate, ISAC-
CNR (Bologna), the "Patronato de Portobelo y San Lorenzo" and the Department of Physics and Earth 
Sciences of the University of Ferrara have started a collaboration for characterizing and evaluating the 
state of conservation of the construction materials, considering the environmental impact on them. 
Specifically this paper shows preliminary results obtained by mineralogical and petrographic 
characterization carried out by Polarized Light Microscopy (PLM), Environmental Scanning Electron 
Microscopy (ESEM-EDX) and X-Ray Diffraction (XRD) investigations.  
 
Keywords: construction materials, environmental impact, Panamanian fortifications. 
 

1. Historical background 

1.1. San Fernando construction 

Designed by the military engineer Ignacio Sala 
in 1753 and erected by Manuel Hernández in the 
period from 1753 to 1760, the current San 
Fernando batteries are part of the third stage of 
Portobelo’s Military Architecture, named after 
King Ferdinand VI of Spain.  

The constructions arise on the northern side of 
the bay of Portobelo and they are formed by a 
Fort and a Hilltop Stronghold. Specifically, the 
first one is made up of a Lower and an Upper 
Battery, connected by a covered way, which 
nowadays is shown by its remains; while the 
second one is located above the Upper Battery, 
about 100 meters height above sea level. 
Together with the Santiago de la Gloria and San 

Jerónimo ramparts, placed on the opposite coast, 
they represent the most strategic defence 
structures of the cove, allowing an attack from 
two frontlines of the enemy vessels which tried 
to penetrate the bay (World Monuments Fund, 
2003; Tejera Davis, 2007; Gobierno Nacional 
República de Panamá et al., 2014). 

1.2. 20th century and current situation 

From the beginning of the XX century until the 
70's the San Fernando Fortifications were 
described, by historical evidences, as mainly 
covered by vegetation, in particular the Lower 
Battery and the Stronghold, which were hidden 
by the forest. During 1970-71 the Instituto 
Panameño De Turismo (IPAT) performed the 
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"Portobelo Pilot Plan" in order to develop a 
documentation and a conservation campaign, 
carrying out deforestation and consolidation 
works at the site (World Monuments Fund, 
2003). 

In 1980 all the Caribbean Fortifications of 
Panama were included in the World Heritage 
List of UNESCO  
(http://whc.unesco.org/en/list/135);  evertheless, 
in 2002, an inspection of the World Monuments 
Fund described the Fort of San Fernando in a 
poor state of conservation (World Monuments 
Fund, 2003). Later, they have belonged to the 
List of World Heritage in Danger since 2012. 
One year later the Instituto Nacional de Cultura 
of the Panamanian Government developed a 
Risk Assessment Study and published an 
Emergency Plan in order to safeguard the sites. 
Unfortunately this plan has not been executed 
yet, but thanks to the Patronato of Portobelo and 
San Lorenzo on site staff, cleaning, maintenance 
and some consolidation works have been 
performed (Osorio Ugarte, 2015). 

With the aim of enhancing the knowledge of 
these structures and allowing a better 
preservation of the site, the following 
preliminary analysis define a characterization of 
the raw materials utilized and an investigation of 
the environmental impact on the buildings.  

2. Environmental context 

Situated on the Atlantic side of the isthmus, the 
Portobelo defence complex arises in a inlet of 
the Caribbean Sea.  

According to the Panamanian geographer and 
historian, Dr. Alberto McKay, Portobelo climate 
is classified as "Tropical Oceanic Climate with 
short dry season", characterized by temperature 
mean values around 25.5°C on the coastal area 
and 26.5°C in the continental part. Abundant 
precipitations may reach annual amounts of 
4760 mm, indeed the dry season has a brief 
duration of 4-10 weeks, with 40-90 mm of rain 
between February and March (Gobierno 
Nacional República de Panamá and Autoridad 
Nacional del Ambiente, 2010). These conditions 
allow high growth of vegetation, with high forest 
coverage, as aforementioned, also supported by 

the low urbanization of the bay, which can be 
considered a rural area especially on the side of 
San Fernando. 

It has to be taken into account also the tidal 
variations, which affect the Lower Battery, being 
in proximity of the sea (Fig.1); indeed, even the 
inner part of the Fort is subjected to the water 
permeation.  

 
Fig. 1- Overview of the Lower Battery. The 
proximity of the sea is clearly visible. 

3. Materials and Methods 

Sampling was performed in each of the three 
components of the defence group, specifically 
collecting 11 samples of construction materials 
(stone, mortar and plaster); in addition salt 
efflorescences were sampled from the inner part 
of the moat.  

In this paper, they will be shown only the results 
related to the stone materials, collected from the 
two Batteries (Table 1).  

In order to carry out mineralogical petrographic 
characterization, polarized light microscopy 
(PLM) observations were performed on thin 
sections using an Olympus BX 51 microscope, 
equipped with scanner and the MICROMAX 
software “Primoplus_32” vers. 8.11.02.. In 
conjunction, both on thin sections and on bulk 
samples, Environmental Scanning Electron 
Microscopy and microchemical investigations 
(ESEM-EDX) were carried out, utilizing a 
ZEISS EVO LS 10 with LaB6 source. 
Additionally, X-Ray Diffraction analyses (XRD) 
were performed for acquiring qualitative and 
semi-quantitative data on the crystalline phases 
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present in a concentration of at least 3-4%. This 
determination was obtained through a Philips 
PW 1730 diffractometer equipped with a copper 
anticathode and a nickel filter. The measurement 
conditions have a diffraction interval of 2θ, 
between 5° and 50°, and a 2°/minute step at 
40kV voltage and 30 mA current intensity.  

Site Sample Location of sampling 

Lower 
Battery 

PB SF 1 

W-N wall, 2° embrasure (counted 
from the N side).  

h 125 cm (from the sole) - 60 cm 
from the external right corner of the 

mouth. 

PB SF 2 

W-N wall, 2° embrasure (counted 
from the N side).  

S cheek, h 130 cm (from the sole) - 
230 cm from the external left corner 

of the mouth. 

PB SF 5 
(salts 

effloresc.) 

Moat, west wall, between 6°-7° 
embrasure (counted from the N side). 
N cheek, h 125 cm - 130 cm from the 

6°embrasure. 

PB SF 6 External part of the Fort, at the 
entrance by the sea. 

PB SF ramp Belonging to the upper part of the 
ramp 

Upper 
Battery 

PB SF 7 Both from the masonry in the area 
called "Nave para artillerìa y para la 

guardia". h 120 cm - 270 cm from the 
N wall. 

PB SF 8 

Outcrop PB SF 11 Eastern outer part of the Lower 
Battery. 

Table 1- Samples, sites and locations of sampling 
(for the description of the Fort elements ref. Spiteri, 
1994) 

4. Results and Discussion 

Preliminary observations allowed us to identify 
the utilization of different materials, depending 
on the position and the function. 

Coral limestones were identified in both the 
Batteries, by PLM observations (samples PB SF 
2 and PB SF 8). The two samples of 
Scleractinian Reef Corals, probably ascribable to 
the family of Faviidae (Budd A. F. and Stolarski, 
2011), have different wall structures, but 
showing the same primary intragranular 
porosity, where rare micritic calcite cement is 
present. In particular, the corallite having the 
structure observed in sample PB SF 2 is the 
mainly utilized and it was largely noticed in the: 
embrasures, banquettes, pavements and in the 
rests of the covered way. Considering the 
banquettes of the Lower Battery, the coral 

limestone was observed in specific zones like 
corners and embrasure entrance sills, thus parts 
which need strong materials. Indeed this rock 
shown high strength during the sampling. 
Nevertheless, both samples have an incomplete 
transformation of aragonite in calcite, since 
XRD results underline aragonite as dominant 
mineral, while calcite is only present or even in 
traces (Table 2). 

Another sedimentary stone, a biogenic limestone 
(sample PB SF 1), was detected, through Optical 
Microscopy. It is characterized by macrofossils, 
as: lamellibranchia, foraminifera and bryozoa, 
set by scarce muddy cement, showing both a 
primary intragranular porosity and a secondary 
porosity mainly due to dissolution. In this case, 
diffraction analyses revealed calcite as dominant 
mineral, while quartz traces have been detected 
(Table 2). This kind of limestone was less 
utilized in comparison with the previous one. 

Orogenic igneous rocks were identified, as 
basalt andesite of calcalkaline series in the 
masonry (samples PB SF 6 and PB SF 7), while 
basalt andesite of high-K calcalkaline series was 
collected from an outcrop present next to the 
entrance of the Lower Battery (sample PB SF 
11). Notably, PLM observations revealed a 
porphyrytic - glomeroporphyrytic structure, 
mainly characterized by plagioclases and 
clinopyroxenes; in addition magnetite was also 
present. This is confirmed also by XRD analysis 
which shown albite and oligoclase as main 
crystal phases, followed by traces of augite and 
magnetite (Table 2). By Optical Microscopy 
study they were also noticeable zoned 
plagioclases with sericitized parts and devitrified 
zones in the vitric groundmass. Furthermore 
amygdales filled by zeolites were recognized 
and confirmed by ESEM-EDX analyses, 
detecting Si, O, Al, Ca, K, Na and Mg in 
ascending order of abundance. 

Finally, sub-aphyric andesite was identified by 
PLM analysis, in the upper part of the ramp of 
Lower Battery (sample PB SF ramp). The 
reddish hue shown by the stone is due to the 
presence of iron oxides.  

All these volcanic rocks were largely observed 
in the masonry, especially in the Upper Battery, 
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where they were utilized in the sole of the 
embrasures, where cannons were leant on. 
Additionally, the cobblestones present at the 
entrance of the Fort are possibly made by the 
same igneous rocks, as well as the base of the 
Lower Battery entrance. 

Considering the environmental impact on the 
masonries, the mainly factor of surface 

deterioration can be attributed to biological 
colonization, in terms of moss and algae. In 
addition, salt efflorescences sampled from the 
moat (sample PB SF 5) revealed calcite as main 
crystalline phase recognized by XRD analysis 
(Table 2) and confirmed by ESEM-EDX 
investigations.

Table 2 - X-Ray Powder Diffraction data of PB SF samples. Legend  : +++ =dominant; ++ = abundant; + 
=present; traces; - =absent  

5. Conclusions 

The materials characterization highlighted four 
kind of stones in the masonries: corallite, 
biogenic limestone, basalt andesite and andesite. 
It has been observed that their use depends on 
the function, thus according to the strength of 
the stones, they have been utilized in different 
parts. 

Environmental impact is mainly due to natural 
and climate factors, as biodeterioration and salt 
efflorescences. These latter ones are mainly 
composed by calcite, highlighting the aggressive 
effects of high percentage of relative humidity 

and water permeation phenomena which can 
dissolve calcium carbonate. 

Therefore further analysis are ongoing to 
complete these preliminary investigations, in 
order to produce guidelines for current and 
future conservation works. 
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Two UNESCO sites belong to the Panamanian isthmus. Specifically, on the North coast, 
examples of military fortifications face the Caribbean Sea: the Fortresses of Portobelo Bay 
and Fort San Lorenzo (XVII-XVIII cent.); while, on the opposite shore, the first Spanish 
settlement arises on the Pacific Ocean: the nowadays called Monumental site of Panamá 
Viejo (XVI cent.) [1,2]. 
   In order to improve the knowledge on the materials characterisation [3,4]  and to evaluate 
the state of conservation related to the environmental impact, specimens sampled at the sites 
underwent mineralogical-petrographic, physical and chemical analyses (Stereomicroscope, 
PLM, XRPD, SEM-EDX, XRF, MIP and IC), highlighting at Panamá Viejo, masonries 
mainly composed of polygenic breccias, tuffites, basaltic andesites, rhyolites and sporadic 
rhyodacites. Considering Portobelo fortifications, coral limestones and sandstones have been 
identified as principal building materials, while basaltic andesite has been observed only at 
Fuerte de San Fernando. Finally, at Fuerte de San Lorenzo, tuffites and grainstones have been 
detected in the masonries; these latter ones were mainly utilized for realizing corners (as 
ornamental parts of the portals and the base blocks). Furthermore, potential quarries of raw 
materials have been identified and sampled, in order to define the provenance of the stones 
employed in the fabrication of buildings, and to compare the differences between the 
preservation of the rocks utilized in the masonries with the outcropping ones.  

Lastly, this study allowed us to investigate the past, present and future interaction between 
these materials and the environment, utilizing dose-response functions for evaluating the 
damages due to the surface recession, salts cycles and biomass growth [5-7]. 
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The preliminary results of the environmental impact on the UNESCO sites located in Panama here are 
presented. 
This research project was born within a collaboration among the Italian National Research Council, 
Institute of Atmospheric Sciences and Climate, the University of Ferrara, Department of Earth Sciences, 
and the Patronages of Panama Viejo and Portobelo-San Lorenzo. 
A first census of the rocks typologies utilized in the masonries of the monumental site of Panama Viejo 
and of the fortresses situated in Portobelo and San Lorenzo was performed, in order to understand 
which are the possible future damages processes, to whom the construction materials of these sites can 
undergo. In conjunction to this characterization, the evaluation of the current state of conservation was 
investigated, being a fundamental step for having a clearer hypothesis of the future situations. 
According to the aforementioned purposes, several samples of natural stone have been collected and 
analysed from different buildings belonging to the archaeological site and to the fortifications. 
Specifically, observations of thin sections by Polarized Light Microscopy (PLM), followed by X-Ray 
Powder Diffraction (XRPD) were carried out for a mineralogical and petrographic characterization and 
for a primary evaluation of the state of conservation. Moreover, the Environmental Scanning Electron 
Microscopy (ESEM-EDX) was performed, on both thin sections and bulk samples, to investigate more in 
detail specific points previously selected by PLM. Furthermore, with the aim to classify the volcanic 
rocks, the X-Ray Fluorescence (XRF) technique was utilized to obtain the TAS (Total Alkali versus Silica) 
classification (Le Bas et al, 1986; Le Maitre 1989). 
Finally, in order to study the physical features, as density and porosity, of the materials, Mercury 
Intrusion Porosimetry analysis (MIP) was realized.  
Together with the materials study, for evaluating the potential risks, which can occur to these 
monuments, related to the tropical climate (Gobierno Nacional-República de Panamá, 2010) the 
environmental context was investigated, considering several climatic factors and parameters. For this 
reason, monitoring stations have been selected in proximity of the two areas under study, obtaining 30 
years (1975-2005) of data concerning rainfall, temperature and relative humidity 
(http://biogeodb.stri.si.edu/physical_monitoring/research/panamacanalauthority). 
Concluding, for the first time the construction materials belonging to the Panamanian cultural heritage, 
inscribed on the World Heritage List, have been characterized contextually to surrounding environment, 
basic element for future protection of such important heritage. 
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Panama, the narrowest strip of land of Central America, hosts two sites inscribed on the World Heritage List: the 
Archaeological site of Panama Viejo (XVI cent.) and the Fortresses of Portobelo and San Lorenzo (XVII-XVIII cent.). 

In order to support the conservation and valorisation of these places, in 2014 a collaboration work was started between 
the Patronage of Panama Viejo, the Patronage of Portobelo and San Lorenzo, the Institute of Atmospheric Sciences and 
Climate of the Italian National Research Council (ISAC-CNR) and the Department of Earth Sciences of the University 
of Ferrara. 

As a first step, the study was devoted to the characterization and the evaluation of the state of conservation of the 
building materials, obtained by mineralogical-petrographic, physical and chemical analyses (PLM, XRD, SEM-EDX, 
XRF, MIP and IC). Successively, in order to determine the environmental context, a selection of monitoring stations, near 
the sites of interest, recording climate parameters (near-surface air temperature, relative humidity and rainfall amount), 
have been selected among the network of the Authority Panama Canal. Moreover, the same parameters were collected 
from ARPEGE climate models (Déqué, 2010), both historical and scenario simulations, in order to utilize them for future 
damage predictions. Indeed, utilizing environmental data and applying specific damage functions it is possible to assess 
the deterioration phenomena occurring on heritage materials, for instance surface recession, biomass accumulation and 
transition of salts (respectively Bonazza et al., 2009; Gómez-Bolea et al., 2012; Grossi et al., 2011), as demonstrated 
within the 6 FP EC Noah’s Ark Project (Sabbioni et al., 2012). 

Therefore, this research work has allowed us to produce projections of possible climate change impacts on the 
Panamanian heritage, for the near to the far future (2011-2100), compared to the recent past (1985-2010). 
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Resumen 

Panamá Viejo fue la primera ciudad fundada en el Pacífico Americano por los españoles, sobre una aldea de 

pescadores, en 1519. Fue inscrito en la lista de Patrimonio Mundial de la UNESCO como una extensión del 

distrito histórico de Panamá en el 2003, con una superficie aproximada de 28 hectáreas. Actualmente, se ha 

convertido en un sitio arqueológico en medio de una ciudad en crecimiento. 

Dada su importancia local y global , es fundamental preservarla eficientemente. Por esta razón se realizó una 

investigación para evaluar los efectos de la contaminación y el cambio climático en el deterioro del sitio 

arquitectónico de Panamá Viejo. Este trabajo es el resultado de una colaboración entre el Patronato Panamá 

Viejo, Instituto de Ciencias Atmosféricas y el Clima del Consejo Nacional de la Investigación de Italia (ISAC-

CNR) y el Departamento de Física y Ciencias de la Tierra de la Universidad de Ferrara.  

Por lo tanto, se procedió a la caracterización de los materiales de un grupo de monumentos dentro del conjunto 

que se encuentre más afectado por el cambios climáticos y la polución, ya sea por su proximidad a carreteras 

o al mar.  Estos son los conventos de la Merced, San Francisco, Compañía de Jesús y la Concepción, la torre 

de la Catedral, la casa Terrín, el fortín de la Natividad y las Casas Reales. También, el estudio evaluó el estado 

actual de conservación, es decir, el deterioro de los materiales de construcción en climas de estas latitudes. 

Por último, a través de la utilización de modelos de diferentes escenarios ambientales y funciones de daño, 

será posible la identificación de riesgos y efectos a futuro en estos materiales para elaborar estrategias 

sostenibles para la conservación de la zona arqueológica. 
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