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Abstract

:

Featured Application


Assessing non-destructively the maximum temperature attained by granitic rocks during fires.




Abstract


Wildfires are one of the main threats of natural areas and often fires can affect protected or heritage areas and properties, in which the preservation requirements demand the use of non-destructive techniques (NDTs). The magnetic susceptibility is an NDT that provides information on the mineralogical composition of the materials but has never been applied to the evaluation of fires. Here, we combine laboratory with field analysis to test the applicability of the magnetic susceptibility for the assessment of the impacts of wildfires. The laboratory results showed an increase in the magnetic susceptibility with the temperature, more evident in the samples heated to 600 °C and above. The in situ measures revealed a spatial variation in the magnetic susceptibility, which was related to the behaviour of the fire in the area. The samples were later analysed with other magnetic destructive techniques that were used to confirm the mineralogical processes that occurred in the materials. The increase in the susceptibility values were due to the formation of iron oxides. The destructive analysis also showed the presence of minerals such as hematite and magnetite in the samples. Overall, the study allowed a first approach to test the magnetic susceptibility as a simple and fast way to measure the impacts of wildfires.
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1. Introduction


Spain and Portugal are the regions with many fires and burnt surfaces in Europe. In 2019, 83.963 ha burned in Spain out of a total of over 400,000 ha in the European Union; 48% of the burnt land belonged to protected areas within the Natura 2000 network [1]. Wildfires are one of the mayor catastrophic factors of landscape alteration and degradation of natural and Cultural Heritage. They affect particularly archaeological heritage, as this is usually located on rural areas, more susceptible to be affected by these events.



Wildfires are an intrinsic component of the Mediterranean climate. In this region, summers are characterized by high temperatures, long draughts, and an intense decrease in relative humidity and dry winds [2]. These, together with the accumulation of biomass and possible fuels, condition an increase in the probability of wildfires. However, over the years it has been shown that human intervention is a key cause of wildfires in Spain, where 95% have a direct or indirect anthropic origin [2,3]. This is illustrated by the decrease of 30% of burnt areas in Spain in 2020 in relation with the 2010–2019 average [1], likely due to the mobility restrictions during the COVID-19 pandemic.



The intensity of the fires is highly variable, from small latent flames to enormous walls of fire that reach 50 m high [4]. Therefore, the effects on the heritage can be widely variable depending on the intensity and duration. The temperature of a fire, which depends on multiple factors, can reach up to 1000 °C during combustion. In this process, the fuels oxidize and emit to the atmosphere ashes, carbon dioxide, water, and other compounds as well as producing light and heat.



The high frequency of the fires implies that they often affect big areas with singular elements of Cultural Heritage and, particularly, Archaeological Heritage. Cultural Heritage includes all the items (material or immaterial) that represent a physical or spiritual part of the presence and practices of the societies along its development and, therefore, deserve to be conserved for future generations. A large amount of Cultural Heritage is built on stone, and it is susceptible to be altered and destroyed by fires [5,6,7,8]. This deterioration can be defined as the degradation through time of the properties of a material (physical, mechanical, chemical, etc.), as well as its characteristics (mineralogy, texture, etc.), that can derive in its structural failure [9].



Fire damage of heritage will become more frequent due to climate change and increasingly common conflicts in locations with archaeological sites [6,10,11]. The high temperatures generated during fires generate a series of changes in the mineralogy and petrophysical properties of the rocks that can derive instability problems. Consequently, it is important to assess the effects that these problems can generate in the structure of stone buildings and structures [12].



The importance of wildfires as a decay agent of Cultural Heritage is because of the catastrophic damage generated in a short period of time with long-lasting effects [13]. Previous research suggested that the impact on the rock depends on the velocity at which the maximum temperature is reached and the time that the rock is exposed to high temperatures [14]. When a rock is heated during a fire, there is a steep temperature gradient from the surface to the interior. This phenomenon can be highly destructive instantaneously, as the high temperatures generate rapidly a thermal stress that can cause a thermal shock due to the formation of microfractures [15].



Thus, the most visible effects of degradation can be found on the first centimetres of the material. One of the most noticeable effects of high temperatures is the structural damage found at different scales [8]. There are mineralogic changes and different fracture patterns at small scale that control the macroscopical physical and chemical degradation. The alteration of the mineralogy and the porosity, which conditions the amount of water that goes into the rock after the fire, determines how the rock decays in the long term [12,16,17].



Nevertheless, the consequences are not always evident and require a detailed study to assess how it can affect the intrinsic characteristics of the rock. Usually, the methods to assess the mechanical effects of fires require destructive techniques that, due to the preservation requirements, cannot be applied in heritage areas. In those cases, the use of non-destructive techniques (NDTs) is necessary [9,18,19]. These techniques allow the characterization of materials and the assessment of their deterioration, and they can be applied in situ [9]. Therefore, the NDTs provide wide information in a short period of time without affecting Cultural Heritage [18]. There are multiple techniques used for the study of the physical properties of rocks, such as the Ultrasonic Propagation Velocity or the Leeb rebound hardness test. These techniques allow measuring the effects of high temperatures in the internal structure of the rock. However, their use may be limited if the rock attained very high temperatures and the fracturing degree is large. In these cases, an evaluation of mineralogical changes may be used to assess the extent of damage generated in the rocks because of a fire [20].



One technique widely used in the geological study of rocks is the measure of the magnetic susceptibility [21]. However, to date, this technique has never been applied to the evaluation of the effects of the fires on heritage. The magnetic susceptibility is defined as the capacity of a material or substance to be magnetized when exposed to an external magnetic field. A magnetic susceptibility meter is a tool extensively used in outcrops as it allows quick measurements and therefore allows for surveying large areas quickly. As magnetic susceptibility depends on the composition of the rocks, it permits detecting mineralogical changes that are not macroscopically visible without having to sample [21].



According to their magnetic properties, the materials are classified into three different groups with increasing values of susceptibility [22]: diamagnetic (such as quartz and calcite), paramagnetic (such as muscovite and biotite), and ferromagnetic. Specifically, the diamagnetic have a magnetization opposed to the external magnetic field (so their susceptibility value is negative), the paramagnetic susceptibility is positive since the acquired magnetization is in the same direction to the external field and for both, dia- and paramagnetic material, the generated magnetic field disappears when the external magnetic field does. The ferromagnetic minerals present a magnetization even when the external magnetic field is absent, called remanent magnetization, and their magnetic susceptibility is the highest [22].



Other complementary techniques encompassed in the “magnetism of rocks” analyses provide information about the nature and possible coexistence of ferromagnetic minerals. Among them, the “hysteresis cycle” refers to the graphic representation of the magnetic variation by the applied magnetic field and it has a characteristic shape depending on the type of mineral. The thermomagnetic curves represent the variation in a magnetic property with temperature in a heating and cooling cycle. The magnetic property can be the saturation magnetization or the magnetic susceptibility. Although these techniques are destructive, they allow to obtain more information and characterize magnetic minerals more precisely and refine onsite susceptibility measurements.



The main aim of this work is to test the capability of portable magnetic susceptometers to assess, at least qualitatively, the maximum temperature reached during a fire in an archaeological context. To do so, onsite measurements in an archaeological site affected by a wildfire in recent years were combined with more accurate laboratory measurements to perform a calibration curve of maximum temperatures. Thus, onsite measurements in the studied area were compared with laboratory measurements of samples subject in an oven to high temperatures such as those attained during a fire to test a possible correlation between the maximum temperatures reached and the magnetic susceptibility that would allow the further use of this non-destructive technique to characterize the temperatures attained in an area during a fire.




2. Materials and Methods


We selected an archaeological area that was affected by a recent fire. The studied area is El Berrueco, in the border of the regions of Ávila and Salamanca (Spain). This place underwent a fire in 2017, which was active for two days. The area includes several archaeological sites, where six neolithic locations were affected during the fire. This study focused in the largest of all of them (Los Tejares). The methodology combined in situ measurements in outcrops of the area affected by the fire with laboratory tests of samples taken from the site in which the effect of high temperatures was simulated in an oven in controlled conditions.



The in-situ tests consisted of measurements at the archaeological site using the magnetic susceptometer KT-10 Terraplus. This instrument allows for measuring magnetic susceptibility rapidly and with high sensitivity. Seven locations were measured with 10 to 20 measures in each one. In addition, a block of the outcropping rock was taken for the laboratory tests from a close-by area not affected by the fire. The block was cut in 4 cm cubes. Then, 18 cubes were selected, three of them were left as blank samples and 15 were chosen for heating tests in a SNOL 30/1300 oven.



Samples were dried at 40 °C until constant weight was ensured and then introduced in the oven for heating, choosing three samples for each target temperature. Five different target temperatures were chosen (200 °C, 400 °C, 600 °C, 800 °C, and 1000 °C) to recreate the high temperatures produced by fires. This process consisted in three phases: a heating phase to the target temperature, a three-hour isotherm stage and finally a free-cooling phase back to room temperature within the oven. The cubes were again weighed after heating and measured with the susceptometer, one measure per side (and therefore six measures per cube).



Later, the 4 cm cubes were cut into eight smaller cubes of 2 cm cubes to be analysed with a KLY-4 Kappabridge Pick-up Unit along with CS-3 Temperature Control Unit (AGICO Inc. Brno, Czech Republic), to obtain data about the magnetic properties such as the magnetic susceptibility and the variation in the magnetic susceptibility (k) with the temperature (T). These analyses are destructive and therefore, unsuitable for a heritage context, but were used to evaluate the field results obtained with the KT-10 susceptometer. Some cubes were grinded and used to measure the variation in the magnetic susceptibility with the temperature using the KLY4-CS3 and to measure different magnetic parameters in the Ultra-sensitive field translation balance (Petersen Instruments, Mag-Instruments, Munich, Germany) or “Curie balance”. This instrument allows to obtain the hysteresis cycles and the variation in the induced magnetization with the temperature, with a 36.7 mT external field. The hysteresis cycles are plotted using the programme RockMag Analyzer (Leonhardt) VFTBAnalyzer 2.0. The KLY-4 Kappabridge measures are performed using a 0.367 mT external field. These tests permit to determine the presence of ferromagnetic minerals due to the drop of the k value or the induced magnetization of the sample, which are diagnostic for each ferromagnetic mineral [22]. Furthermore, the presence of paramagnetic minerals can be deducted because, at low temperatures, the magnetic susceptibility graphs have a hyperbolic curve in the k-T analysis [21,23,24].




3. Results


3.1. Magnetic Susceptibility Laboratory Measurements


The magnetic susceptibility increases noticeably when the cubes are heated to 600 °C and above, while below this threshold the variation in the magnetic susceptibility is not as remarkable (Figure 1). The results were represented in a box and whisker chart where the last ones represent minimum and maximum values, while the box size represents the value of the 1st and 3rd quartile, the line marks the median and the X the average value. Further detail of the variation in lower temperatures can be found in Appendix A.




3.2. Rock Magnetism


The results (Appendix B) show a pronounced shift in the magnetic properties in the samples heated to 800 °C and above. The thermomagnetic curves obtained with KLY4-CS3 (magnetic susceptibility variation with temperature, k/T curves) are in general not reversible (differ between cooling and heating), which implies mineralogical changes during the process. Sudden drops of the magnetic susceptibility can be observed in the heating curves at ≈570 °C and ≈650 °C (Figure 2a) and more gradual decay with a final drop at 550 °C. These k falls are diagnostic of the presence of ferromagnetic minerals s.l.: the Curie temperature of magnetite is ≈570 °C and the Néel temperature of the hematite is ≈675 °C [22] so the previous 600 °C heated and cooled cube in the SNOL 30/1300 oven implies the presence of both minerals. For the samples previously heated and cooled at higher temperatures in the SNOL 30/1300 oven (800 °C and 1000 °C), the thermomagnetic curves are almost reversible (Figure 2b). In general, there is a gradual decrease in the magnetic property (magnetic susceptibility) from 200 °C until the final decay at ~550 °C.



The results obtained in the Curie balance relating the hysteresis cycles (Appendix B) shows that there is a linear relation with the external field in the materials previously heated up to 600 °C and cooled down in the SNOL 30/1300 oven (Figure 3a). On the contrary, in the blocks heated up to 1000 °C and cooled down in the SNOL 30/1300 oven, a well-developed hysteresis cycle dominates (Figure 3b), with a “wasp-waisted” form, which means that the cycle narrows when the external applied field is next to 0, due to the presence of different minerals (as they have different coercivity) or different grain size [24].




3.3. Study Area


The rock outcropping in this area is a medium-grained biotitic granodiorite with rounded quartz, fine biotite in isolated crystals, and phenocrysts of potassium feldspar that occasionally have non-defined borders. This granodiorite has a marked orientation of the phenocrysts, which involves a certain anisotropy in the mineral properties.



The landscape consists of a single hill with a maximum altitude of 1355 m. It is formed by an abrupt and granitic elevation, almost inaccessible in the higher points. In the northern and western areas there is a change in the topography with flat meadows and abundant oaks, also influenced by the Tormes river towards the east. The vegetation is typical of the Castilian meadows with abundant species of genus Quercus, mainly Quercus Ilex and Quercus faginea.



The rocks present a variable degree of fracturing, with the southeast points showing higher fracturing and reddening of the rocks (Figure 4). The magnetic susceptibility measurements in the studied area show a spatial gradation with higher values (>200 × 10−6 SI) towards the SE and lower values towards the north (Figure 5). The highest magnetic susceptibility measures coincide with the peripheral area of the fire. The lowest values (<150 × 10−6 SI) of magnetic susceptibility are in the inner part of the wildfire, at the lowest altitude points.





4. Discussion


The increase in the number of fractures with the temperature implies that the samples become more fragile at higher temperatures, which in turn produces a decline in density. The results show that the changes in the magnetic susceptibility values are low in the samples heated below the 400 °C in the oven, compared with the samples subjected to higher temperatures. The measures obtained using KT-10 show a change in the mineralogy of the rock, as the value of the magnetic susceptibility markedly rises, particularly in the samples previously heated to 600 °C or above in the oven. This threshold matches the temperatures where the evaluation with other techniques to measure mechanical properties, such as Ultrasound Propagation Speed or Leeb Rebound Hardness, may be less effective due to large fracturing.



The variations in the magnetic susceptibility are, on one side, due to the formation of new ferromagnetic minerals (iron oxides), which trigger a rise in the magnetic susceptibility. On the other side, there is a transformation of some minerals to others with less magnetic susceptibility (for example, magnetite oxidation to hematite), causing a decline in the magnetic susceptibility value [22,23]. In the studied case, there is an overall increase in the magnetic susceptibility due to the formation of ferromagnetic iron oxides.



The thermomagnetic curves allow deducing the presence of some ferromagnetic minerals (magnetite and hematite) in the samples before heating, along with paramagnetic minerals (due to the hyperbolic type of shape of the k) [23,24] in the samples previously heated up to 400 °C and cooled down in the oven (Figure 3a). This hyperbolic shape disappears as the samples were previously heated to higher temperatures. The shape of the curves changes considerably in the samples previously heated to 800 °C and 1000 °C in the oven. This shift suggests the formation of new ferromagnetic minerals which mask the properties of the present paramagnetic minerals. Similar results have been found in previous studies where the goal is to obtain information about the anisotropy of the magnetic susceptibility [23,24].



The results obtained in the hysteresis cycles allow to confirm the presence of these paramagnetic minerals in the samples previously heated to 400 °C or below in the SNOL 30/1300 oven, as the graphics shows a linear relationship between the external magnetic field and the magnetization induced in the sample. However, the hysteresis cycles in the samples previously heated at 1000 °C in the oven show typical properties of ferromagnetic minerals, such as the saturation magnetization, remanence, and coercivity from the hysteresis cycles of ferromagnetic minerals s.l. Moreover, these have the wasp-waist shape, related to the presence of different ferromagnetic minerals, or minerals with different grain size [24].



The magnetic susceptibility variation with temperature curves and the hysteresis cycles for the samples previously heated to 800 °C and 1000 °C in the SNOL 30/1300 oven are equivalent to the ones obtained by López-Sánchez et al. [25] for the material denominated High Coercivity Thermally Stable Low Temperature (HCSLT) defined by McIntosh et al. [26] (Figure 6). This rare mineral (commonly named “epsilon iron oxide”) was found in archaeological materials which were exposed to very high temperatures and are characterized by a high coercivity and low unblocking temperature (<200 °C). This is the temperature from which the magnetic susceptibility starts declining. In Figure 6b, the hysteresis cycles are corrected so the programme VFTBAnalyzer 2.0 excludes the paramagnetic minerals, showing only the influence of the ferromagnetic minerals. The similarity between the magnetic characteristics and the graphics in this study may suggest the presence of “epsilon iron oxide” in the samples previously heated at higher temperatures (800 °C y 1000 °C) in the oven.



The study area in the archaeological site of Los Tejares in El Berrueco shows a gradient of the magnetic susceptibility, which confirms the relationship between the maximum temperatures reached and the magnetic susceptibility. One of the most remarkable effects related to the consequences of fire is the reddening of the rocks, which implies that the temperatures went above 300 °C due to thermal oxidation [8]. However, the higher susceptibility values (linked to the higher temperatures) can be found in the peripheral area of the fire. This might be because differences in the amount of fuel, air circulation, and the amount of time that the fire was active determine the maximum temperatures [27,28].



The behaviour of a fire is conditioned by topography, meteorology, and fuel. Among the topography, it is mainly influenced by factors such as slope and elevation, the meteorology marks the velocity and dryness of the vegetation, and the fuel affects the intensity of the fire depending on the circumstances (moisture, spatial distribution, composition, etc.). Specifically, this fire originated in Medinilla, Ávila, located 4 km to the west from El Berrueco and spread eastwards due to the topography and the wind.



The vegetation surrounding El Berrueco (Quercus and Cytisus mainly) has a high heat capacity, along with the presence of degraded vegetation due to the abandonment of the crops [29] causing an increase in vegetation that would work as fuel. Moreover, the fire happened at the end of August, when the high temperature and winds cause a drought in the vegetation due to the lack of humidity in the environment.



The area has very steep hillsides which boost the propagation velocity of the fire. Specifically, there are high slope variations between the sampling locations, where the higher points are in the northwest (where the magnetic susceptibility is lower), and the lower points are located southeast (where the magnetic susceptibility is higher) (Figure 5). Therefore, the abundant dry vegetation and the high temperatures caused a strong fire propagation and the loss of the vegetation, that practically disappeared in its whole [29]. Moreover, in the bordering area there is a firewall that avoided the propagation of the fire in this direction. This can mean that the vegetation burned more intense in the lower area, probably because the propagation velocity decreased when it reached less sloped areas and because of the firewall, allowing the fire to burn more time in the bordering zone. However, as seen in the photographs, the vegetation affected were mainly bushes, which implies that the temperatures reached were not too high.




5. Conclusions


This paper presents for the first time the use of the magnetic susceptibility to evaluate the impacts of wildfires on archaeological areas. Portable susceptometers allow for measuring quickly and non-destructively the magnetic susceptibility in a large number of sampling points. Thus, this technique is suitable for protected areas or heritage assets in which destructive tests cannot be performed.



Laboratory measurements of the rock outcropping in the studied area showed that this technique is capable of providing information about the maximum temperatures reached by rocks in past fires. Besides other applications, knowing the maximum temperature reached by rocks during a fire in an archaeological setting is essential to assess the possible existing damage suffered from these events as the result of mineralogical and physical changes. It also facilitates planning preventive conservation for long-term effects favoured by fire damage.



The results in this paper show that measurements obtained with portable susceptometers allow establishing zones with different magnetic susceptibility in regions that underwent fires and, therefore, have the capability of characterising qualitatively the areas that were more intensely affected by temperature increase without further tests.



Previous studies have used different techniques, such as Ultrasound Pulse Velocity or Leeb Hardness to assess the intensity of fire damage. However, these techniques are quite ineffective in plutonic rocks that underwent temperatures higher than the α to β-quartz transition (573 °C) due to the intense fracturing this transition causes in the material. Our results show that magnetic susceptibility changes are particularly noticeable above 600 °C. Therefore, magnetic susceptibility is especially useful above that threshold in which other existing techniques used to characterize the effects of fires on rocks are more difficult to use.



Further research in this area is needed to widen the database of relationship between magnetic susceptibility and the temperatures reached in different rock types. However, the results in the field study performed in this paper allowed us to prove the usefulness of the use this tool in areas affected by wildfires. More studies in different areas, with different fire temperatures and rock types will enable a better understanding of how magnetic susceptibility of rocks changes with fires, improving the usage of this technique to assess fire damage of Cultural Heritage.
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Appendix A. Variation in Magnetic Susceptibility at Lower Temperatures
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Appendix B. Thermomagnetic Curves
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Figure A1. Thermomagnetic curve of samples at 25 °C (without heating). The red line represents the heating curve to the maximum temperature and the blue line the cooling curve. Vertical axis represents magnetic susceptibility in 10 × −6 SI. 
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Figure A2. Thermomagnetic curve of samples heated to 200 °C. The red line represents the heating curve to the maximum temperature and the blue line the cooling curve. Vertical axis represents magnetic susceptibility in 10 × −6 SI. 
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Figure A3. Thermomagnetic curve of samples heated to 400 °C. The red line represents the heating curve till the maximum temperature and the blue line the cooling curve. Vertical axis magnetic susceptibility in 10 × −6 SI. 
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Figure A4. Thermomagnetic curve of samples heated to 600 °C. The red line represents the heating curve till the maximum temperature and the blue line the cooling curve. Vertical axis magnetic susceptibility in 10 × −6 SI. 
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Figure A5. Thermomagnetic curve of samples heated to 800 °C. The red line represents the heating curve till the maximum temperature and the blue line the cooling curve. Vertical axis magnetic susceptibility in 10 × −6 SI. 
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Figure A6. Thermomagnetic curve of samples heated to 1000 °C. The red line represents the heating curve till the maximum temperature and the blue line the cooling curve. Vertical axis magnetic susceptibility in 10 × −6 SI. 






Figure A6. Thermomagnetic curve of samples heated to 1000 °C. The red line represents the heating curve till the maximum temperature and the blue line the cooling curve. Vertical axis magnetic susceptibility in 10 × −6 SI.
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Appendix C. Hysteresis Cycles
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Figure A7. Hysteresis cycle of samples at 25 °C. 
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Figure A8. Hysteresis cycle of samples heated to 200 °C. 
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Figure A9. Hysteresis cycle of samples heated to 800 °C. 
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Figure A10. Hysteresis cycle of samples heated to 1000 °C. 
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Figure 1. Variation in the magnetic susceptibility at the different heating temperatures. 
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Figure 2. Thermomagnetic curves (k/T) obtained with KLY4-CS3 for the sample previously heated and cooled up to 600 °C in the SNOL 30/1300 oven, where the drops at 570 and 650 °C are visible (a) and the sample previously heated and cooled up to 1000 °C in the SNOL 30/1300 oven, where the final drop occurs at ~580 °C (b). 
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Figure 3. Hysteresis cycles for samples previously no heated, 25 °C (a) and heated up to 1000 °C and cooled down in the SNOL 30/1300 oven (b). 
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Figure 4. Field image of the granodiorite showing scaling and reddening as a result of temperature increase. 






Figure 4. Field image of the granodiorite showing scaling and reddening as a result of temperature increase.



[image: Applsci 12 10033 g004]







[image: Applsci 12 10033 g005 550] 





Figure 5. Map of the studied area including the areas affected by the fire, the location of the archaeological sites and the magnetic susceptibility in the sampling points. 
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Figure 6. Graphics obtained for induced magnetization (a) and the hysteresis cycles (b) in the samples previously heated to 1000 °C in the SNOL 30/1300 oven. These graphics are equivalent to the ones obtained by López–Sánchez et al., (2017) for the mineral HCSLT (see Figure 1 in that paper). 
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