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Abstract

:

The tomb of Cyrus the Great, founder of the Persian Empire, is considered one of the most important monuments of Iran. Its advanced state of deterioration motivated the need to carry out a study focused on analyzing the possible damage caused by the presence of soluble salts, and to assess the suitability of an electrokinetic treatment for their extraction. Preliminary diagnostics carried out on stone samples taken from the tomb confirmed that it is affected by the action of soluble salts, and especially by the presence of nitrates and sulfates. The effectiveness and possible harmful effects caused by electrokinetic treatment were evaluated, under laboratory conditions, using the same limestone that makes up the tomb. The obtained results show that this treatment, in a short period of time, reduces the ionic content, reaching high percentages of anion extraction, without causing any damage, which indicates that it is suitable for this type of stone.
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1. Introduction


The most significant geological material used in the built heritage throughout the ancient world, including Iran, is limestone. It has historically been used extensively in important monuments and world heritage sites, such as Takht Jamshid and Pasargadae. However, because of its high accessible porosity, limestone is vulnerable to damage caused by the entrance of external alteration agents, such as water and soluble salts.



Soluble salts are undoubtedly one of the main alteration agents in the degradation of porous building materials, such as ornamental stones and mortars. The deterioration caused by this alteration agent has been reported in several studies [1,2,3,4,5]. The damage caused by soluble salts is essentially physical and is favored by the periodic changes in state (solid–liquid) that the salts undergo due to changes in the relative humidity, temperature, and water content in the porous material [1]. This physical damage is evident when there are processes of the loss of material caused by the pressure generated by salts due to their crystallization, hydration, or thermal expansion within the pores of the stone material [1,3,6,7,8,9,10,11]. In addition, as a consequence of the alteration process caused by the salts, the affected material weakens, becomes more porous, and is more susceptible to the action of future subsequent altering agents (such as water, soluble salts, and biological colonization), which compromises its structural stability and long-term durability.



Salt weathering appears in the forms of scaling, detaching, and powdering, especially affecting the most superficial stone areas [3]. A wide range of important field observations and the mechanisms of decay in porous materials over several decays have been summarized by Arnold and Zehnder [4].



Desalination is a complex conservation strategy, and its implementation is pivotal when the historical surface is seriously under the threat of salt deterioration and material loss. All the desalination techniques are aimed at lowering the ion content in the porous building material as much as possible. The most common desalination methods, which have been used for many years for historical artefacts, are immersion baths and the application of different kinds of poultices [12,13,14] or even mortars [15,16]. Both techniques have certain limitations with respect to the extraction efficiency, as, in both techniques, the efficiency is constrained mainly by the permeability and pore size distribution of the porous material, and, in the case of poultices, it is also restrained by their pore size distribution [17,18,19]. Furthermore, in both cases, the desalination process is relatively slow when the treatment is applied directly on the damaged surface, which, in some cases, requires a previous pre-consolidation to minimize the possible loss of material by contact [20,21]. Additionally, the poultice depth extraction efficiency is poor, only going down to less than 4 cm [13,22]. Numerous studies on the usage of crystallization modifiers that postpone the nucleation of crystals inside the pores of the material have been conducted recently in an effort to improve the effectiveness of both treatments [16,23,24,25], allowing the crystallization of salts on the surface as efflorescence. However, the addition of these compounds may have harmful effects on the treated material, such as color change, which make them incompatible with certain materials [13]. Furthermore, there are no inhibitors to reduce the damage caused by salt mixtures [25,26].



The electrokinetic desalination of porous materials is a recent technique applied in the field of the conservation of stone materials that has shown great results, under laboratory conditions, in the treatment of bricks [27,28,29], granites [30,31], and sandstone [32,33,34,35]. Even in onsite applications on walls [36,37,38] and columns [39], this technique has demonstrated high efficiency in thick depths and good removal rates, particularly for chlorides and nitrates (efficiencies above 80%). The higher extraction rate obtained via this technique compared to the traditional methods is due to the fact that, with electrokinetic desalination, the ions present in the material are forced to migrate, as they are responsible for carrying the current between the electrodes. The depth of extraction will depend on the position of the electrodes and the magnitude of the circulating current.



There are few studies that have examined the suitability and effectiveness of the electrokinetic technique for the desalination of limestones [40,41]. Therefore, and considering the disadvantages associated with this technique, such as those mentioned below, it is necessary to dig deep into the existing knowledge in the field of the heritage conservation built with this stony material before considering applying this kind of treatment as a suitable desalination technique, especially in archeological sites as important as Pasargadae.



The main disadvantages to be considered are as follows:




	(1)

	
Extreme pH changes around the electrodes, due to water hydrolysis (Equations (1) and (2)), which can cause new chemical alterations of the stone minerals. Especially worrisome is limestone, a material that is very sensitive to exposure to acidic pH, which can cause the dissolution of calcium carbonate.









At the anode


H2O → ½ O2(g) + 2H+ + 2e−



(1)







At the cathode


2H2O + 2e− → 2OH− + H2(g)



(2)







The damage caused in limestones due to anode acidification when this technique is used has already been reported in a previous study [41];



	(2)

	
The generation of micro-fractures, which can be caused by the mechanical stresses associated with the electric-field flow across the pores of the material [42]. This damage is higher in those materials containing piezoelectric minerals [43,44] and depends on the value of the current density applied.







The mausoleum of Cyrus the Great, which is primarily composed of limestone, exhibits an advanced alteration state with a progressive loss of material that could affect the historical value of the monument (Figure 1). There is powdering, pitting, and scaling of the substrates, among other weathering forms that can be clearly observed on different surfaces of the monument, mostly on the corners of its units [45]. Recent studies have indicated that the mechanical and chemical damage in this monument is mainly related to (1) biodeterioration processes caused by different lichens and fungi [46,47,48,49,50], and (2) the climatic conditions in which the monument is located, which favor frost damage, thermal stress, and continual wetting–drying cycles on the stone surfaces due to the exposure of its facades to high surface moisture and high insulation [45,48]. In spite of the numerous studies on the potential mechanisms of the tomb degradation, only a few studies have indicated that the damage may also be caused by the action of soluble salts [45,46,48], and none of them have established a possible intervention methodology to combat this alteration agent. For this reason, the present study was focused on the following: (1) carrying out a preliminary diagnosis in order to confirm whether or not the soluble salts are really damaging this monument, and (2) if there is actually a risk to the preservation of the monument in the future due to the presence of a sufficient amount of salts that could damage it, analyzing the suitability and effectiveness of the use of electrokinetic techniques to conduct a future desalination campaign.




2. Materials and Methods


2.1. Description of the Archaeological Site


The archaeological site of Pasargadae is located in the northwest of Fars province, 130 km from Shiraz, in the southern region of Iran, in an open area (Figure 2). This historical site, built by the order of Cyrus the Great, was the first capital of the Persian Empire and was included on the UNESCO World Heritage List in 2004. The site is surrounded by agricultural lands and is located near the Polvar River. The extreme daily variation in the climatic conditions to which this archeological site is subjected (in terms of temperature and relative humidity), as well as the conditions among seasons, favor the weathering of the monument. These conditions can be consulted in [48]: the highest value of the relative humidity occurs in winter (up to 80%) and the lowest occurs in summer (20%), reaching a daily variation up to 20%; the highest value of the temperature occurs in summer (up to 40 °C) and the lowest occurs in winter (−5 °C), reaching a daily variation up to 30 °C in some months of the year.



The tomb of Cyrus the Great is one of the most considerable and well-known Pasargadae monuments. This tomb was almost thoroughly constructed, as reported in other studies [49,50,51], with a beige limestone extracted from quarries located in the mountains northwest of the village of Sivand, located 50 km from Pasargadae. This limestone was also used in other important archeological sites in Iran, such as Takht Jamshid [51].



The visual inspection carried out in this study shows signs of the possible presence of salts in different parts of the monument (Figure 3), which cause both aesthetic damage (such as salt efflorescence) and the loss of material (via scaling and powdering). This damage is more pronounced on the southwest and southeast facades, probably due to the position of the monument facing the predominant wind direction and the greater incidence of sunlight on these faces of the monument. Both aspects have an influence on the evaporation rate, which favors an intense crystallization of salts both on the surface and in the layers close to it, depending on the solubility of the salts present. However, a detailed study is necessary to attribute this damage to the salts.




2.2. Previous Diagnosis and Sampling


To analyze whether soluble salts represent a real problem for the monument, four surface samples of the disaggregated stony material were taken. Also, because soil is one of the main sources of salts, especially in agricultural areas, such as those surrounding the monument, two samples were taken from the surrounding soil 50 m and 120 m from the tomb (in the direction of the wind that usually blows from the narrow valley of Baghegi towards the tomb) to analyze the origin of the salts. All the samples were crushed and homogenized. An amount of 10 g of each powdered sample was immersed in 100 mL of distilled water and stirred for 2 h. Each suspension was then filtered and, in the aqueous extraction, the anion content (Cl−, SO42−, and NO3−) was determined via ion chromatography (using a Dionex ICS-100 chromatograph, Thermo Scientific, Waltham, MA, USA).



In addition, and to study the suitability of the electrokinetic technique as a desalination technique for this type of stone, an ashlar of beige limestone was collected from the Pasargadae site, specifically from the area of Mozafari Caravansary, which is near the Tomb of Cyrus (Figure 2) and was built using stones that were taken from the remains of Pasargadae. From this ashlar, a block of 20 × 20 × 10 cm and 8 stone cubes of 5 × 5 × 5 cm were extracted.



The stone cubes were used to characterize the porosity and bulk density of the limestone following an international standard [52], the mineralogical composition via X-ray diffraction (MPD3000-GNR), and the chemical composition via X-ray fluorescence (PERFORMIX-ARL, Thermo Scientific, Waltham, MA, USA). The LOI (loss on ignition) was determined gravimetrically by recording the weight loss at 950 °C.



The limestone block was used to assess the electrokinetic treatment in the laboratory. For this purpose, the salt content in the block was increased via a contamination process similar to that described in [33]. The ion content of the saline solution used was (in g/L) NaCl (1.45), NaNO3 (8.63), and CaSO4 (2.05).



Before the contamination process, the limestone block was wrapped with plastic film, leaving only the two bases of 20 × 20 cm uncovered. One of the bases was put into contact with the saline solution for 2 days, favoring the absorption of the solution via capillary suction. This process, as shown in [33], hinders the evaporation of the saline solution from the lateral faces of the samples and favors the entrance of the saline solution into the samples, due to the solution trying to evaporate through the opposite base. After 2 days, the samples were taken out and left to dry at room temperature for another 2 days, completing a cycle of contamination. In the next cycle, the opposite surface was put into contact with the solution to distribute the salts as homogeneously as possible. A total of 15 contamination cycles were conducted. Finally, the block was left to dry for 4 days at room temperature, before the plastic film was removed.



At the end of the contamination process and before desalination, two prismatic samples of 10 × 10 × 5 cm (named S-1 and S-2) were extracted from the block. These samples were used to assess the effectiveness of the electrokinetic desalination treatment. The rest of the block was used to assess the initial anion contents (i.e., the anion contents of the samples before desalination). For this purpose, the block was drilled in its whole depth, in two different places, to provide powder samples in 3 ranges of depth (0–3.5 cm, 3.5–6.5 cm, and 6.5–10 cm). An amount of 10 g of each powder sample was immersed in 100 mL of distilled water and stirred for 2 h. After filtration, the anion content (Cl−, SO42−, and NO3−) was determined again via ion chromatography.




2.3. Electrokinetic Desalination Setup


Figure 4 shows a schematic view and picture of the desalination setup used in this study. This setup had two electrode compartments: the positive anodic compartment (A) and the negative cathodic compartment (C). A graphite electrode (E) of an 8 cm length and 4 mm diameter was housed in the poultices located in each of the electrode compartments. This material was selected as the electrode due to its inertness with respect to the oxidation reactions at the anode.



As a buffer electrolyte, a solution of 0.2 M sodium citrate–citric acid (pH 6) was used. The effectiveness of this electrolyte has been demonstrated in previous studies [31,33,39].



Two different poultices were used to retain the ions mobilized during the treatment, buffer the pH, and ensure good contact with the stone during the treatment. At the anode, a poultice made of a kaolin:CaCO3:buffer electrolyte in a ratio of 5:1:1.5 by weight was used. CaCO3 was added, according to [31,53], to strengthen the buffering capacity and hinder the acid pH, produced on the surface of the anode electrode, from reaching the surface of the stone (Equations (3) and (4)):


CaCO3 + H+ → Ca2+ + HCO3−



(3)






HCO3− + OH− → CO2(g) + H2O



(4)







At the cathode, a poultice made of a kaolin:buffer electrolyte in a ratio of 1.5:1 by weight was used. Kaolin, as demonstrated in [31,39], allows the retention of OH− due to its ion exchange capacity. Consequently, the effectiveness of the electrokinetic treatment to remove the target ions is increased, as a decrease in the OH− concentration results in an increase in the transfer number of the other anions, as demonstrated in [54].



To prevent the poultice from leaving any residues on the surface of the stone, a thin sheet of tissue was placed between both materials.



Regarding the electric circuit, both prismatic samples (S-1 and S-2) and a resistance of 1 kΩ (R) were connected in series, ensuring that the same current flowed through both samples. A constant voltage of 12 V was applied during the desalination treatment. This voltage was enough to reach a current density value close to 1 A·m−2 (sufficient current to mobilize the ions) from the beginning. The potential drop recorded at the resistance of 1 kΩ allowed for calculating the electric current that flows through each stone prism using Ohm’s law (Figure 4).



Before starting the desalination treatment, both prismatic samples (S-1 and S-2) were spray-wetted with distilled water. Afterwards, the samples were then completely wrapped with plastic film, leaving only two 3.8 cm diameter holes on each side of the sample to put the poultice and the surface of the stone directly in contact. This initial degree of humidity improved the flow of the electric current once the treatment was started. Furthermore, to hinder the drying of the prismatic samples during the treatment, the contact surface was re-wetted with ultrapure water at each poultice renewed, as in previous studies [33,38].



Once the electrokinetic desalination treatment starts, the electromigration occurs. During the electromigration process, as mentioned before, the positive ions (cations) are forced to migrate towards the cathode and the negative ions (anions) are forced to migrate towards the anode. In this way, the ions migrate towards the vicinity of the electrodes, outside of the stone, and are retained in the poultices.



During the treatment, every 8 h, the voltage drop between the electrodes of each sample and at the 1 kΩ resistance was measured using a multimeter. With these data, the evolution of the resistivity of the samples was recorded, using Equation (5), as well as that of the current density, using Equation (6).


ρ = R · S/l



(5)




where ρ is the resistivity in kΩ m; R is the resistance of each sample in kΩ; S is the cross section in m²; and l is the length of the sample in m.


J = I/S



(6)




where J is the current density in A m−2 and S is the cross section in m2.



The poultices were renewed every 24 h to measure the anion content removed. For this purpose, as stated in [33], each poultice was left to dry at 50 °C for 4 days, and it was then weighed, crushed by hand to a powder, and homogenized. Finally, 10 g of each powdered poultice was taken and immersed in 100 mL of distilled water. After filtration, the anion content was measured via ion chromatography in the aqueous extraction. pH measurements were also taken in the aqueous extraction, using a pH meter, and on the contact surface between the stone and the poultice, using pH strips.



The operation times of the desalination treatment applied in both prismatic samples were different, keeping the rest of the test parameters constant. Hence, at the end of the 6th day, the desalination of sample S-1 was considered ended (enough time to achieve high desalination percentages in other types of stones [31]). Sample S-1 was removed from the system and replaced by a fixed resistance of 10 kΩ. This resistance was selected, as it was the resistance value exerted by sample S-1 at the end of the 6th day. The desalination treatment was continued for another 4 days with sample S-2 (ending, in this case, after 10 days of desalination).



At the end of both assays, both stone prisms were uncovered and divided into three parts: the anode part (0–3.5 cm), middle part (3.5–6.5 cm), and cathode part (6.5–10 cm), to evaluate the effectiveness of the treatment at different depths. Powder samples were taken by drilling from each part, and aqueous extractions were prepared, following the procedure mentioned above, to analyze the anion content.



To quantify the effectiveness of the treatment, the percentage variation of the anion content in each of the zones in which the stone samples were divided, following Equation (7), and used in previous studies [13,31,33], was calculated:


Effectiveness % [ion]0-x cm = 100 ∙ [Initial ion content]0-x cm − [Final ion content]0-x cm/[Initial ion content]0-x cm



(7)







Negative percentages indicate that there was an increase in the anionic content in the analyzed area due to the mobilization of salts.



Finally, two samples from S-1 and another two from S-2 of 5 × 5 × 5 cm were taken to assess the effects of using electrokinetic techniques on the limestone properties (specifically the porosity and bulk density). Possible chemical changes in the mineralogy of the stones were analyzed via XRD.





3. Results and Discussion


3.1. Previous Diagnosis of the Salt Problem


From the disaggregated stone material taken from the tomb, it was noted that there were certain amounts of the three anions analyzed: nitrate: 180 mg/kg; chloride: 85 mg/kg; and sulfate: 44 mg/kg. In addition, from the soil samples taken at 50 m and 120 m, it was noted that (1) the anionic contents were higher in the areas farthest from the tomb, except for nitrate, the concentrations of which were similar (5 mg/kg), and (2) the sulfate contents (2.3 mg/kg at 50 m and 7.7 mg/kg at 120 m) were much higher than those of chloride (1.2 mg/kg at 50 m and 1.5 mg/kg at 120 m).



Based on these data, it is confirmed that the presence of salts is one of the causes of the loss of material that can be seen on the surface of the monument. Regarding the origin, the content of nitrogen can be related to the use of fertilizers for farming around the tomb area over the ages (nitrogen is one of the main components of fertilizers [55]), the use of the surrounding areas to bury the dead, and the waste generated by animals during their passage through the Pasargadae area, which is documented in old photos. The sulfate could come from the leaching of part of the cement applied in previous interventions made in the tomb (interventions carried out before 1958 and in 2006) [45,56,57], the capillary rise of groundwater from areas where fertilizers were used [55,58], and also, according to [48], calcium sulfate can be formed by the secretion of inorganic sulfuric acid from fungi and its reaction with the calcite of the rock. With respect to chlorides, their origin could be anthropic and related to inappropriate restoration activities carried out in the past (for example, the use of cleaning products of polychromes and paints, such as potassium hypochlorite or hydrochloric acid). In all cases, the transport of salts by winds from the surrounding areas cannot be neglected, as this archaeological site was built in a geographically windy region.




3.2. Stone Properties


The XRD analyses showed that the beige limestone used in the construction of the tomb of Cyrus the Great is composed exclusively of calcite, with a low clay fraction composed of illite and chlorite. The chemical elements obtained via X-ray fluorescence (expressed as oxide weight (wt%)) were CaO (55.45%), MgO (0.33%), SiO2 (0.24%), Fe2O3 (0.13%), and SrO (0.05%). The loss on ignition at 950 °C was determined, which corresponded to the CaCO3 content (LOI950 (43.8%)).



Table 1 shows the main physical properties of the limestone. This stone has a high porosity (approximately 21%) and a low bulk density (1.74 g/cm3). Consequently, it can be classified, according to the American standard ASTM C568-79 [59], as a low-density limestone, which is prone to undergo weathering processes. This standard establishes three levels based on the bulk density (in g/cm3): low density: 1.76; medium density: 2.16; and high density: 2.56. The higher the bulk density, the lower the absorption capacity of the rock and the better its behavior against external alteration agents once it is put into service.



After the contamination cycles, the salt content increased significantly, the main ions being sulfate and chloride. This higher ionic content allowed for a more detailed analysis of the treatment efficacy.




3.3. Evolution of the Electrical Parameters: Current Density and Resistivity


Figure 5 shows the variation in the current density and the resistivity of each limestone sample during the desalination test.



In the first 6 days (144 h), during which both samples were connected, a similar decrease in resistivity was observed in both samples. This trend is related to the mobilization of ions, which was similar in both samples. After this time, sample S-1 was disconnected from the system and replaced by a resistance of 10 kΩ. Thereafter, during the 7th day, a similar tendency to that of the previous days was observed (i.e., a decrease in the resistivity and increase in the current density). However, on the 8th day (192 h) and onwards, a stabilization of the current density and resistivity measurements (2.40 A·m−2 and 0.01 kΩ m, respectively) was observed. This fact could indicate the following: (1) The removal rate of the salts was slowing down due to the existence of a low ion content in sample S-2. In this case, the current transport seemed to be mainly produced by the ions of the supplied electrolyte. (2) The removal rate was slowing down but the salts were still being mobilized from the stone towards the poultice. This second hypothesis seems more logical, as the intensity readings were still very high and the resistance of the samples against the flow of this current had not started to increase.



In any case, the trend shown by the resistance measurements over time seems to indicate that the degree of desalination was higher in sample S-2 than in sample S-1, as an increased mobilization of ions took place over a longer period of time.




3.4. pH Measurements


The pH measurements registered with pH strips during the treatment showed the following: (1) in the vicinity of the electrodes, the pH values were extreme (4 at the anode and 12 at the cathode), due to the hydrolysis of water, and (2) on both surfaces of the samples, the pH values were close to neutrality (7–8), which shows that the buffer system used (electrolyte and poultices) allowed for buffering the pH variations that occurred in the vicinity of the electrodes, as has already been performed in other types of stones [31,33].



The pH values measured with a pH meter in the aqueous extractions of the prismatic samples again confirmed that the pH of the rock was not altered on either surface.




3.5. Anion Content Retained in the Poultices


Figure 6 shows the milligram per ion retained in each poultice after each application, and Table 2 shows the total quantity of each anion retained in each compartment at the end of the treatment.



In general, it was observed the following: (1) The highest extraction, in both samples and regardless of the anion analyzed, occurred in the poultices located at the anode, which is logical considering that anions are forced to migrate towards the anode under the influence of the electric field; (2) In each poultice application, a certain mobilization of the three anions towards the cathode was produced. This mobilization was practically constant throughout the treatment, with some exception, in which higher extractions were achieved, as in the case of chloride in the second application. This fact, according to [33,60], is related to the existence of diffusive processes, which try to maintain a chemical equilibrium in the setup, and advective processes, due to the suction exerted by the poultice used in the cathode during drying; (3) The removal rate of each anion was higher depending on its mobility and concentration in the material to be treated [33], a high concentration of ions with high mobility reduces the mobilization of those with lower mobility. For this reason, the highest extractions were achieved in chloride, followed by nitrate and sulfate; (4) The amount extracted increases with the number of applications, and it was therefore higher in sample S-2; (5) Desalination must not have been complete, as the difference between the anion content in the anode with respect to the cathode remained high, which indicates that there should still be a high anionic content, at least in the part of the samples closest to this electrode.



The analysis of the anion removal rates showed the following.



Regarding the chloride ion, despite the fluctuations detected in each poultice application, an upward trend in the extraction of this ion was seen, with a change in the trend occurring from the eighth application in sample S-2. However, despite a downward trend in the chloride extraction during the last applications, at the end of the treatment, the difference between the chloride content extracted between the anode and cathode remained high, indicating that there was still a very high concentration difference in the material.



As for the nitrate ion, the extractions achieved in both samples at the anode were similar and much higher than those achieved at the cathode, at least up to the eighth application in sample S-2. From the ninth application, the amount of nitrate extracted decreased until it was similar to that reached at the cathode, which could indicate that the amount of this anion that remains in sample S-2 is very low.



With regard to the sulfate ion, it was observed that, disregarding the extraction achieved in the first application, there was a general increasing trend at the anode. This may be related to a decrease in the content of more mobile ions, which favors an increase in the transport number of this anion. However, considering the low concentration of this ion in the anode poultice with respect to the other anions, and taking into account that sulfate was one of the main anions present at the beginning of the treatment in the rock (Table 1), this transport number is still very low.




3.6. Desalination Effectiveness


Figure 7 shows the effectiveness percentages of the anion extraction at different depths (anode: 0–3.5 cm; middle: 3.5–6.5 cm; and cathode: 6.5–10 cm).



In general, regardless of the anion, the following was observed: (1) The effectiveness was higher in the middle and cathode zones than in the anode zones. This fact is related to the mobilization of the anions towards the anode during the desalination process, which is the area of the limestone sample in which the ions tended to accumulate to a greater extent; (2) The anion content in the anode areas tended to decrease as the treatment progressed. This can be seen both by the positive extraction percentages achieved with chloride and nitrate (more than 40% for Cl− and 60% for NO3− in S-2, and less than 10% for both ions in S-1), and when comparing the enrichment of the sulfate ion in S-1 (effectiveness close to −60%) with the percentage of extraction achieved in S-2 (around 10%).



On average, the reduction in the ion content achieved in the limestone samples was improved when the treatment duration was increased, especially in the case of the highly mobile ions, such as chloride and nitrate (see Table 1). The average percentages of the extraction achieved for Cl− and NO3− in sample S-2 were 61% and 79%, respectively, while in sample S-1, the percentages achieved were similar and close to 35%. This indicates that, as the content of the most mobile ion (chloride) is reduced, there is an increase in the removal rate of the other most mobile ion (nitrate) (i.e., its transport number during the electrokinetic process increases).



With respect to sulfate, the final average contents remaining in the limestone were similar in both samples (around 72–78 mg/kg (see Table 1)). This low difference is related to the content of the other ions still remaining in the stone, which therefore reduces the transport number of the sulfate ion (i.e., the mobilized amount of this anion is reduced because the other ions are the main carriers of the electric current). This means that it is necessary to increase the application time to reduce the Cl− and NO3− contents and to increase the removal rate of SO42−. This fact could explain why, in sample S-2, a slight extraction was achieved in the anode zone by extracting the accumulation of the sulfate ions that tend to enrich it, as can be seen in sample S-1 (Figure 7).



This fact agrees with both (1) the resistance and intensity measurements, in which it was seen that the test was stopped too early to consider the high extraction percentages of all the salts present, and (2) the sulfate analyses executed on the poultices, in which it was seen that, in the last applications performed on sample S-2 (specifically from the eighth application onwards), a greater difference between the extraction achieved at the anode with respect to that achieved at the cathode was observed.




3.7. Possible Changes in the Stone


After the treatment, a slight decrease in the porosity and an increase in the bulk density of the desalinated samples were observed, especially in sample S-2 (Table 1). This fact is related to the buffer solution used in this study and the consequent electroprecipitation of the calcite inside the pores of the material.



During the pH buffering process, some of the calcium present in the anodic poultice is released and enters the limestone samples. This calcium tends to migrate to the cathode area due to the DC field action. During its mobilization, calcium can fix the OH− groups, which are forced to migrate towards the anode, forming Portlandite (Ca(OH)2), as reported in previous studies [61,62]. This Portlandite can react with atmospheric CO2 to form calcite (the main component of limestone) [63,64,65,66]. This result is advantageous because it allows for recovering the cohesion of the limestone matrix and reducing the water absorption capacity of the rock, thereby increasing its mechanical resistance and durability against alteration caused by water or salts. In recent years, new treatments based on electroprecipitation have been developed to reduce the porosity of stony materials to make them less susceptible to weathering processes [67,68,69], or to provide them with new properties [70].



The results of the X-ray diffraction analysis performed at the end of the treatment on sample S-2 (Figure 8) are similar to those obtained from the original limestone sample. This fact corroborates that the treatment does not cause any chemical damage that could alter the crystalline phases present.



Hence, electrokinetic techniques can be considered a real alternative to intervening in the tomb due to the inexistent affection that this treatment has in this kind of stone.





4. Conclusions


The main conclusions drawn from this study are as follows:




	
The hypothesis that the Tomb of Cyrus is affected by the action of soluble salts, especially by the presence of nitrates and sulfates, is reaffirmed. For this reason, in the future, it is possible that the concentration may increase, and it will be necessary to consider an intervention strategy;



	
Electrokinetic techniques make it possible to achieve high desalination efficiency values in a short time. This efficiency can be increased by increasing the duration of the treatment;



	
The buffer system is effective at protecting limestone against extreme pH environments that can cause chemical damage;



	
The use of a calcium carbonate poultice at the anode allows for supplying calcium to the limestone, which can precipitate and evolve to calcium carbonate, causing a reduction in the accessible porosity of the stone.








To summarize, the effectiveness shown by the electrokinetic desalination method on this material and the possibility of limiting the possible harmful effects that the treatment may cause in the beige limestone, through the use of poultices and a buffer electrolyte, leads us to recommend the use of this technique as one of the most feasible solutions to carry out future interventions in the tomb to reduce the ion content.



In this sense, and as a guide for future application, the use of electrokinetic devices that can house both the electrodes and the poultices with a composition similar to that shown in this study is recommended. The devices should be placed in parallel on the same surface, alternating the anodes with the cathodes, with a separation between them of approximately 50 cm. This allows the electric field to penetrate to a depth of approximately 10 cm (one-fifth of the separation between the devices).



To favor desalination and to prevent the drying of the materials, which could hinder the extraction process, due to the high temperatures that can be reached at the Pasargadae site, the use of a sprinkler irrigation system that periodically moistens both the stone and the poultices is recommended. In addition to this system, it is advisable to carry out a periodical renewal of the poultices to improve the desalination process.



The total time of the application of the treatment is determined via the periodic analyses carried out on the poultices. As soon as the concentrations between the anode and cathode in the poultices are similar, the treatment can be considered finished.
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Figure 1. General view of the Tomb of Cyrus made completely from beige limestone slabs beside each other without the use of mortar (a). Photography of powdering and scaling of the stone surface caused by soluble salts (b). 
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Figure 2. Location of Pasargadae located in the southern region of Iran (a). Aerial view of the archaeological site of Pasargadae on which the location of the Tomb of Cyrus is indicated in red (b). 
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Figure 3. The weathering-form map obtained from the visual inspection, possibly associated with the presence of soluble salts on each facade of the monument. 
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Figure 4. Schematic view (a) and picture (b) of the desalination setup. The compartments of the system filled with poultices (A and C) used to desalinate two limestone samples (S-1 and S-2) simultaneously with a power supply connected using graphite electrodes (E). The samples and the resistance (R) are connected in series to the system. 
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Figure 5. Evolution of the resistivity measurements (in kΩ·m) exerted by the limestone samples (S-1: blue squares; S-2: red triangles) and current density (black diamonds, in A·m−2) flowing through the circuit during the treatment. 
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Figure 6. Anion contents (chloride, nitrate, and sulfate) retained in each poultice renewal during the desalination of limestone samples S-1 and S-2 at the anode (solid lines) and cathode (dashed lines). 
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Figure 7. Effectiveness (in %) of the different anions analyzed: chloride (a), nitrate (b), and sulfate (c), reached in the different parts in which the prismatic limestone samples were divided (close to the anode, the middle, and close to the cathode). 
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Figure 8. XRD profile of beige limestone after the treatment showing intensity maxima of calcite in red. 
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Table 1. Porosity and bulk density of the beige limestone used in the Tomb of Cyrus. Also, the initial and final average anion contents (in mg/kg) in the limestone samples are shown.






Table 1. Porosity and bulk density of the beige limestone used in the Tomb of Cyrus. Also, the initial and final average anion contents (in mg/kg) in the limestone samples are shown.





	
Physical Properties

	
Before Treatment

	
After Treatment




	
S-1

	
S-2




	
Porosity (%)

	
20.90

	
12.00

	
10.00




	
Bulk density (g/cm3)

	
1.74

	
2.05

	
2.14




	
Average Anion Content (mg/kg)

	
Before Treatment

	
After Treatment




	
S-1

	
S-2




	
NO3−

	
72.65

	
48.72

	
15.18




	
SO42−

	
94.00

	
78.33

	
71.85




	
Cl−

	
98.25

	
63.37

	
38.24











 





Table 2. Total contents of each ion, in mg, retained in the poultices used in each electrode compartment (anode and cathode) and total anion content removed from each limestone sample.
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Anion

	
Anode

	
Cathode

	
Total




	
S-1

	
S-2

	
S-1

	
S-2

	
S-1

	
S-2






	
Chloride

	
27.7

	
49.0

	
6.3

	
10.6

	
34.0

	
59.6




	
Nitrate

	
20.8

	
27.2

	
3.5

	
9.6

	
24.3

	
36.8




	
Sulfate

	
9.3

	
16.9

	
4.6

	
5.3

	
13.9

	
22.2
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