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Abstract

:

Volcanoes are typical features of the solar system that offer a window into the interior of planets. Thus, their study can improve the understanding of the interiors and evolution of planets. On Earth, volcanoes are monitored by multiple sensors during their dormant and active phases. Presently, this is not feasible for other planets’ volcanoes. However, robotic vehicles and the recent technological demonstration of Ingenuity on Mars open up the possibility of using the powerful and non-destructive geophysical tool of magnetic surveys at different heights, for the investigation of surfaces and subsurfaces. We propose a methodology with a view to extract information from planetary volcanoes in the short and medium term, which comprises an analysis of the morphology using images, magnetic field surveys at different heights, in situ measurements of magnetic susceptibility, and simplified models for the interpretation of geological structures. This methodology is applied successfully to the study of different examples of the main volcanic zones of the Iberian Peninsula, representative of the Martian intraplate volcanism and similar to Venus domes, as a preparatory action prior to the exploration of the rocky planets’ surfaces.
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1. Introduction


Historically, volcanic activity on Earth has been an important focus of attention and profound study. Furthermore, their activity might cause serious damage to nearby populations with consequent socioeconomic losses [1]. Therefore, the study of volcanoes on Earth implies the real-time monitoring of multiple magnitudes, including ground movements such as earthquakes, the variation of the atmosphere composition, the chemistry of rocks and waters, and remote sensing observations, such as thermal, visible, as well as synthetic aperture radar (SAR) imaging. However, this exhaustive monitoring requires the vast deployment of instrumentation and its maintenance by volcanoes. In contrast, the study of active volcanism in the different bodies of the solar system is limited to observations from Earth or in-situ spacecraft [2,3,4]. In present times, the analysis of non-active volcanoes in the solar system can only be performed via available orbital datasets prior to the arrival of specific exploration missions [5,6,7].



These pioneering missions will have to be based on robust technologies capable of providing as much information as possible concerning the volcanic edifices under study [8]. This might imply a balance between near observations of the structures and coverage of their extension, which could be a niche for drones as well as rovers [9]. NASA has pioneered the flights of drones on Mars with the inclusion of the Ingenuity drone in the Mars 2020 mission [10]. It is expected that this is only a starting point in the use of such platforms in planetary exploration, increasing the outcome of current exploration missions with rovers.



The drones will have to be equipped with baseline instrumentation such as high-resolution cameras and infrared spectrometers. For the study of the subsurface, they could have gravimetric instrumentation and SARs or magnetometers on board [11,12]. SARs seem to be suitable instruments for monitoring volcanic activity on Earth due to their high precision in the determination of subsurface layer structures. However, magnetometry can offer additional information concerning the paleovector, i.e., the ambient field in the moment of the eruption, which is especially useful in the study of the geological history of planets covered with non-active volcanoes, such as Mars [13].



Lavas are the main feature on the surfaces of terrestrial planets. They cover about 90%, 50%, and 70% of the Venus, Martian, and terrestrial surfaces, respectively [14], indicating that extensive parts of the surface of these planets have been created and shaped by the transference of energy and matter from planetary interiors to their surface through volcanism. The whole understanding of the process requires profound knowledge of the full system, from the deep core to the atmosphere, which might have important differences in different planets.



When planets sustain a global magnetic field, lavas record the information of this field in their magnetization as they cool down through their transition temperature. On Earth, paleomagnetic investigations are focused on the study of the record of the core field in rocks, sediments, and even in archeological materials [15]. These records have been used to prove the plate tectonics and the planet’s magnetic field reversals, and are often applied in geological investigations for geochronology and to improve the knowledge on different geological structures such as volcanoes’ origin and evolution.



Among the terrestrial planets, orbital magnetic field data acquired by the MESSENGER mission revealed that Mercury has a weak global magnetic field consistent with an axial dipole offset of 20% of the planetary radius towards the north [16]. Low-altitude measurements of the same mission also revealed crustal magnetic field signals of ~10 nT maximum intensity, consistent with crustal rocks being heterogeneously magnetized [17,18,19]. Some of these crustal fields, specifically those associated with impact craters, have been used to constrain the evolution of the core magnetic field of Mercury [20]. New constraints on the internal magnetic field intensity, geometry, and nature will be further unveiled with the upcoming BepiColombo mission [21].



Today, Venus does not stand an internal (global and crustal) magnetic field [22] observable at spacecraft altitude. Because there is no observable crustal magnetic field signal, it is not possible to know whether that planet had a dynamo operating in its early stages. However, a more ambitious mission targeting specific surface areas of the Venusian surface could provide important insights about a dynamo existing in the past [23].



Mars Global Surveyor registered a vector magnetic field in its orbit around Mars at a nominal altitude of 400 km (± 40 km) between 1996 and 2006, and measured strong crustal magnetic field signals, demonstrating that Mars had a magnetic core field in its past [24]. This implies that lavas sourced in ancient Mars became magnetized when the rocks cooled down. Meteorites that impacted the Red Planet surface at that age should have partially erased the information of the former magnetic field in the target surface rocks and newly recorded with the evolved magnetic field [25], while impacts produced after the demise of the main field should not have led to a re-magnetization of the rocks. All of this information can be used to understand geodynamics on Mars as is done on Earth.



Since presently Mars does not stand a core field, the sources of the field are the crustal contribution as well as the external field. The map generated with the measurements taken at night and comprising a long observation period (2 years) can constrain the contribution of the crustal magnetization [26]. At a glance, the main characteristics revealed in this map are: the high intensity of crustal magnetic anomalies compared to those of Earth; the difference in the magnetic anomaly between the northern lowlands (magnetically weak) and the southern highlands (with a higher magnetic signature); and the appearance of alternate polarity bands parallel to the Equator in the region of Meridiani Terra. The first characteristic was originally attributed to the resurfacing and reshaping of the surface, which occurred during the Noachian and Hesperian eras, erasing the old pre-Noachian magnetization. Based on this map, the lack of magnetic signature of the major visible impact basins such as Hellas, Argyre, Isidis, Utopia, and Chryse, as well as in volcanic provinces like Elysium, Olympus Mons, Tharsis Montes, and Alba Patera, was also used to constrain the timing of the Martian dynamo up to 4.13 Ga [27]. Recent studies that use higher spatial resolution data from Mars Atmospheric and Volatile EvolutioN (MAVEN) span the duration up to 3.7 Gyr ago [28] based on the measurable magnetic contrast associated with the Lucus Planum pyroclastic flows of up to 3.7 Ga old. Other models have been produced combining vector field measurements and intensity estimates, including MAVEN data, to increase the observation period to nearly 20 years. The extrapolation of the model to the surface has allowed the detection of a weak magnetic contrast associated with the northern large basins Borealis, Utopia, and Isidis, but reflects a limitation in spatial resolution in the order of 140 km due to the minimum distance of the data registers (~130 km). This restricts the capability for the interpretation of smaller structures. Therefore, high spatial resolution magnetometry performed at closer distances could significantly benefit the study of Martian planetary structures such as volcanoes.



On Earth, the majority of volcanoes are found along divergent and convergent plate boundaries, and a certain number of volcanoes are fed by mantle plumes. Mars and Venus are characterized by a single global lithospheric plate and the volcanic activity has been linked with mantle plumes, which, in some cases, generate linear zones of mantle upwelling and lithospheric extension [3,29,30,31,32,33].



Volcanism on Mars is predominantly basaltic in nature [34]. However, diverse igneous compositions revealed by remote sensing [5], meteorites [35], and landed missions [36,37,38,39,40,41,42] indicate that ancient Mars differentiated and experienced varied igneous processes that generated heterogenous distributions of volatile and incompatible elements [34]. Therefore, the presence of effusive alkaline rocks is evidence of the igneous diversity on Mars [43]. Major volcanic landforms on Mars include large volcanic provinces and associated shield volcanoes [44], pyroclastic cones [45], lava flows [46], domes [47], calderas [48,49], and fall-out deposits [50].



The lack of Venusian plate tectonics is also implied by the global dominance of a basaltic composition of the crust. On a geodynamically active planet that lacks modern-day plate tectonics, upwelling plumes and their related surface expressions are its dominant volcanic traits. The primary volcanic products on Venus are extensive tholeiitic–alkali basalt plains [29,51]. However, the surface of Venus displays volcanic features indicating the eruption of lavas with a wide range of viscosities [52]. Typical volcanic landforms include lava flow fields [53], steep-sided domes [54], and lava channels [55]. Other volcanic features include shield volcanoes, calderas, and complex topographic annular features such as coronae and arachnoids [54].



Despite the many differences, the knowledge of planetary volcanoes significantly benefits from investigations of terrestrial volcanoes. The study of terrestrial analogs is part of the preparatory actions taken to be ready for the interpretation of the volcano data of other planets like Mars, when they are available. In this sense, the high-resolution magnetic signature of analog edifices, obtained with measurements on the surface or at a low height, and a preliminary in-depth interpretation of their structures using digital elevation models derived from high-resolution imaging can help in understanding their origin, with implications for the Martian crust and mantle, as well as the global magnetic field if it was active in the moment of the eruptions.



In this work, we focus on three different Neogene volcanic zones of the Iberian Peninsula (Figure 1): Campo de Calatrava Volcanic Province and the Catalonian Volcanic Zone, both with intra-plate magmatism geochemical characteristics [56], and a third, Cabo de Gata in the SE Volcanic Province, which is associated with back-arc extension [57]. The eruptive products at these zones cover a wide compositional range, from basalts to rhyolites with alkaline, calc-alkaline, tholeiitic, and shoshonitic geochemical affinities [58,59,60].



The selected sites have been used to test the equipment in its different stages of progress and to improve the methodology of work. Therefore, different setups have been used in different example sites.




2. Materials and Methods


In this work, we combine different geophysical methods that we will develop in more detail in this section:




	
Magnetic surveys. We use on ground and vector magnetometry (Figure 2), a remote sensing tool, to measure the magnetic signature of different structures, both on the ground and onboard a remote-piloted aircraft (RPA) (Figure 3A). This allows for the determination of the intensity and direction of the magnetic field. Additionally, we measure the magnetic susceptibility in situ to determine the induced magnetization of different elements.



	
The in situ observations of the morphology of the structures, constituent rocks, and the collection of samples.



	
The generation of mathematical models based on the observations and measurements of the magnetic field and susceptibility. The aim of the modeling is to test how the predicted magnetic field matches the measured one, taking into account the observed geological data and measured magnetization characteristics. In cases where the in situ magnetic characterization of rocks is not available, approximate expected values are used according to the type of rock obtained in previous measurements.








2.1. On-Ground Magnetometry Equipment Description


The equipment for on-ground magnetometry is transported by a person (Figure 2B). The full system of approximately 15 kg comprises two parts separated by a 2 m boom. The sensing subsystem is a set of two vector magnetometers attached to a pole with an inertial measurement unit (IMU) in such a way that the magnetometers are at distances of 0.1 m and 1 m from the ground, and vector data can be referenced to geographic coordinates. The auxiliary subsystem comprises batteries to power the system, a GPS, electronics to condition and process the data, wiring, and a laptop to register and visualize the data. The magnetic moment of the auxiliary equipment is lower than 200 mAm2, giving rise to a maximum magnetic field in the position of the magnetometer of 3 nT, which is a systematic error due to the remanent nature of the magnetization.



This situation permits the development of tracks in different orientations with respect to the geomagnetic field, which is not often possible due to the morphology of the terrain and the limitation of areas for walking. Therefore, the measurements presented in this work, except for the Cerro Gordo survey, which follows a single line, were conducted in a semi-discrete mode. The recording of the field is continuous, but the data presented are discrete measurements at certain points when the system has been oriented to the geographical north determined by the auxiliary equipment. The data provided in the graphs average more than 200 measurements within −1 and 1° with respect to the geographical north acquired when the system is oriented.




2.2. Onboard Drones Magnetometry Equipment Description


The system for the magnetometry onboard drones has been developed to improve the interpretation with measurements at different heights and to partially overcome the problems derived from the difficulties of walking on the terrain and their risk, as well as the time taken and the derived cost. The RPA is a hexacopter with a capability of 5.5 kg available for payloads [62,63].



The auxiliary electronics are accommodated on a pod below the RPA body and include the batteries, control electronics for the boom, acquisition system, and communications.



The payload subsystem needs to accommodate the vector magnetometer at a high distance from the body of the drone, the auxiliary equipment, and the engines to minimize their magnetic signature at the position of the sensor. The magnetic moment of the drone with the equipment is <160 mAm2 in DC, and the engines generate a component in the order of 20 nT rms in the position of the magnetometer in the band between 30 and 107 Hz. Thus, the drone is provided with a retractile 1.2 m boom with the magnetometer at its free end (Figure 3A,B), the sampling frequency is tuned at 10 Hz, and an antialiasing filter is implemented. Therefore, the height of the magnetometer during the flights is 1.2 m lower than the flying height.



During the take-off and landing, the boom is held horizontally by a servo, and during the flight, the boom is in a vertical position (Figure 3B and Figure 4A).



The operation is visual and designed for constant altitude flights of the drone to maintain the distance to the surface sources using a laser altimeter. The height for the flights ranges between 20 and 5 m, as the dimensions of the examples under study are in the order of hundreds of meters of diameter. Ideally, the flying tracks are parallel lines north–south or south–north, with spacing related to the height for moderate- to high-resolution measurements.



The ground control station has evolved from a static base (Figure 3A) to a mobile platform (Figure 4B) to guarantee vision of the drones at the flying heights of 20 and 5 m in the abrupt terrain of the volcanoes.




2.3. Magnetic Susceptibility Meter Description


The determination of the susceptibility is performed by means of the NEWTON instrument. NEWTON is a portable and compact magnetic susceptibility meter developed to improve the characterization of rocks and regoliths in the planetary exploration of Mars and the Moon [64].



It measures the real magnetic susceptibility by means of the change in inductance in a resonant circuit by the approach of a sample to a ferrite open core. The system comprises a sensor box (S-box) and an electronic box (E-box), both of which are powered with a battery. A laptop is used for the early visualization of the data (Figure 5).




2.4. Magnetic Modeling Description


The graphics for the magnetic anomalies are performed with an ad hoc software developed by the team [62], which uses the orthogonal representation of the geomagnetic field, i.e., X points to the geographic north, Y points to the geographic east, and Z is the radial component pointing down into Earth.



A preliminary interpretation is performed based on models that use the georeferenced magnetic data and corresponding observations in the field.



The mathematical model is based on the magnetic charges or poles of the different elements, and the calculation is conducted through the scalar magnetic potential [65]. The models are created on different simple geometrical forms, which mimic the different elements observed in the structure.



In the models, we attribute the values of the magnetization to different elements that correspond to induced (through the susceptibility value and the present geomagnetic field intensity in the SI) and remanent components (Mx, My, Mz) in Am−1. The induced part can be experimental when susceptibility measurements are available. In cases where we do not have the magnetic characterization of the rocks, we attribute magnetization in the order indicated by our database of the collection of rocks or through the inversion of the field data. As an example of the application of this technique, reference [66] compares the results of two magnetic models using similar techniques with magnetic measurements made in the Barda Negra crater in Argentina.



Due to the age of the volcanoes under study and the availability of the data, the natural remanent magnetization is aligned either with the present geomagnetic field or inverted, depending on the case. Therefore, in this study, we did not take into account the magnetic declination.





3. Results


In this section, we present the case studies of several volcanoes in the Iberian Peninsula as potential terrestrial analogs of other rocky planet structures.



The case studies of this work are different volcanoes considered to be representative of the three main volcanic areas of the Iberian Peninsula: the Catalonian Volcanic Zone (CVZ) in the northeast, Campo de Calatrava Volcanic Province (CCVP), slightly south from the center [67] (Figure 6A), and the Almería–Murcia Region (A–MR) in the southeast. The whole set offers great compositional variety with examples all along the TAS diagram [68,69,70,71,72,73,74] and for the analysis of the aptitude of the proposed methodology.



The compositional range from the basaltic magmas with 45–55 wt% of SiO2, with a high composition of Fe, Mg, and Ca and a low content of K and Na, to rhyolitic magmas with 65–75 wt% of SiO2, with a high content of K and Na and a low content of Fe, Mg, and Ca, implies that basaltic magmas have a greater capability to store magnetization than andesitic and rhyolitic ones. In spite of this, in the study, all of the structures investigated cast a measurable magnetic contrast, which can be used together with the observed morphology for the models.



The volcanic activity of the four main Cenozoic volcanic provinces of the Iberian Peninsula began in the Oligocene–Miocene (ca. 25 Ma), with volcanism that evolved from subalkaline to ultrapotassic affinities in the Upper Miocene (8.7–5.7 Ma) and alkaline as well as ultra-alkaline in the later stages (from the Pliocene to recent years) [67].



The oldest volcanic activity was concentrated in the A–MR. In particular, the surveyed sites are placed at Cabo de Gata, considered a part of the volcanic arc of the Betic-Rif Orogen [75]. The other two examples, the CVZ (Figure 6B) and CCVP, correspond to the most recent activity related to the Neogene–Quaternary alkaline volcanism of extensive rift systems in Europe [76,77].



Despite the global moderate relevance of the Iberian Peninsula volcanism, the areas of study have common petrological, structural, and volcanological characteristics with those of the European Neogene–Quaternary rifts systems; some of them are intraplate volcanism and therefore constitute the terrestrial analogs of Mars [30]. Furthermore, the different types of volcanic eruptions in the A–MR examples have generated similar morphological features to those on other planets, such as the domes of Venus.



The presentation of the sites follows a reverse chronological order, starting with the most recent volcanism with better-preserved structures.



3.1. First Case Study: Catalonian Volcanic Zone


The origin of this volcanic zone is part of the European Cenozoic rift system [67].



The thinning of the crust caused graben structures, and magma could ascend through open fissures [61]. The zone comprises more than 50 well-preserved monogenetic cones, including scoria cones, tuff cones, tephra rings, and maars, and is divided into two volcanic regions: L’Empordà and La Garrotxa [78].



The activity of L’Empordà started over 12 Ma and extended to 6 Ma [78], and was followed by La Garrotxa Volcanism evidenced by basaltic outcrops being the most recent episode between 0.7 Ma to early Holocene [79,80]. It was characterized by pyroclastic deposits generated by strombolian and hydromagmatic processes [79].



In this region, two volcanoes with basanites and basaltic rocks [78] were investigated: the Pujalós and Crosa de Sant Dalmai volcanoes.



The Pujalós volcano is located 4 km from the city of Olot. The volcanic structure represents a monogenetic scoria cone built by a single strombolian phase, for which previous studies have generated electrical resistivity tomograms [81]. The measurement of the magnetic field was performed with the on-ground equipment through a track that extends from the NW to the SE flank, comprising the northern area of the volcanic structure.



The magnetic data, collected with the on-ground equipment, are represented in Figure 7.



From these data, a negative anomaly towards the NW and a positive anomaly in the SE sector can be observed.



The different conductive zones in depth were interpreted as an eruptive conduit and spatter in the NW associated with a high resistivity zone (>231,635 Ohm.m), which was extended towards the center of the structure with a zone of slightly lower resistivity [81].



Based on the magnetic signature, as well as on the previous and abovementioned studies, a simplified model was generated and is depicted in Figure 8A. The model consists of a cylindrical edifice with a radius of 140 m and a length of 150 m at a 75 m depth with respect to the surface. The cylinder has a susceptibility of χ = 10−2 SI and a remanent magnetization of (Mx, My, Mz) = (1, 0, 1.5) Am−1 according to the geomagnetic field in the area. In this case, a synthetic field along a south–north profile has been calculated. The calculation (Figure 8B) seems to be in good agreement with the results, though the correlation cannot be studied due to the lack of experimental data in such a direction.



The other site is the Crosa de Sant Dalmai maar. Due to the state of preservation of the edifice, the volcanic event seems to occur after the main activity in the region. At this site, previous studies [81] involving multiparametric geophysical surveys, as well as the extraction of two drill cores, were carried out to determine the structure of the maar–diatreme and the post-eruptive infill sequence of the crater. The structure has been described as a layer of phreatomagmatic deposits corresponding to a previous eruptive period, which built the volcanic crater, and a subsequent period in which the scoria deposits, spatter, and lava flows formed the volcanic cone. After this, the crater was filled with sediments.



In this work, we performed a magnetic survey with a grid that was denser than the previously available one [81], in which we identify a weak but extensive dipolar anomaly related to the lava flow as well as an intense dipole associated with the hotspot (Figure 9). We use the term “hotspot” to refer to a point where the value of the magnetic anomaly is especially intense.



Therefore, a magnetic model is proposed based on three elements (Figure 10A). Two of them correspond with the phreatomagmatic deposits of the ground floor and walls with a susceptibility of χ = 10−2 SI and a natural remanent magnetization of (Mx, My, Mz) = (2, 0, 3) A/m, and a cylinder of 600 m radius and 125 m length at a depth of 87.5 m and a circular corona of 225 and 275 of internal and external radii and 100 m length on top simulating the walls; a third element corresponds to the remainder of the hotspot, the magmatic material in the vent of the last episode, a cylinder of 75 m radius and 100 m length at a depth of 50 m from the surface with a susceptibility of χ = 10−2 SI, and a natural remanent magnetization of (Mx, My, Mz) = (4, 0, 6) A/m.



The magnetic field was calculated along a diameter transect along the center of the different elements, giving rise to the results shown in Figure 10B at both sides of the crater. The magnetic anomaly represented as |B|-F (F is the modulus of the geomagnetic field in the area) shows a former, fairly weak positive anomaly in the south of the crater, with a ripple corresponding to the crater walls. Towards the north, the element representing the cone yields a more intense positive anomaly that turns negative in the outer part of the crater.



The shape and intensity of the graph is in very good correlation with the measurements, mostly in the northern part, since in the south, the data are less dense.




3.2. Second Case Study: Cerro Gordo Volcano in Campo de Calatrava Volcanic Province


The Campo de Calatrava Volcanic Province is a continental area of 5000 km2 with more than 360 volcanoes. The rocks span a range from basanites to basalts with SiO2 contents between 42 and 55%, comprising effusive and explosive phases that combine Strombolian and phreatomagmatic episodes (Figure 11A). The intraplate volcanism started in the Upper Miocene (8.7–6.4 Ma) and extended to the Pliocene–Quaternary (4.7 Ma–5520 yr approximately) [83].



The Cerro Gordo volcano (Figure 11B) is characterized by explosive eruptions and, to a minor extent, effusive eruptions. This volcano has been used for the exhaustive validation of the methodology; therefore, partial results have already been published in [62].



The magnetic signature of the spatter deposit stands out over the global signature of the edifice [62] with an inverted signature with respect to the present geomagnetic field and with an intensity in the order of 1000 nT at 19 m; 3000 nT at 4 m; and up to 6000 nT at ground level (Figure 12A,B).



The eruption that generated the spatter deposit occurred in the late stage of Campo de Calatrava volcanism, i.e., in the Pliocene–Pleistocene transition [62]. During this transition, there was a long period of time with inverted geomagnetic declination.



In this work, we present the application of the methodology to the study of a spatter deposit.



The investigation consisted of a magnetic survey along the transect indicated in Figure 12, using both onboard drones (at 19 and 4 m from the surface) and on-ground, despite the roughness of the terrain. Additionally, in situ susceptibility measurements were conducted with the portable and compact novel NEWTON instrument in an exposed wall of the spatter deposit; laboratory measurements of the natural remanent magnetization (NRM) were performed on the collected samples.



The exposed wall is depicted in Figure 13A. Three different layers can be distinguished: a bottom layer of clastogenic lava, spatter clasts and compacted scoria [83]. The real susceptibility (χ) measurements, performed with the NEWTON instrument (Figure 13B), reflect an important contrast of the three exposed layers: 17·10−2 SI for the clastogenic lava and 5·10−2 SI for the spatter clasts, whereas the scoria shows a much lower susceptibility in the order of χ = 1·10−2 SI. The graph in Figure 13C shows the susceptibility values in the SI in comparison with the reference sample (RS), which is an epoxy matrix with 10% wt. of ferrite powder embedded and spread homogeneously over the volume of the sample.



The NRM of several samples ranges from 5 up to 40 Am−1.



Based on the surveys as well as the susceptibility and remanence data, a model is constructed with cylinders in three layers (Figure 14A) with a net magnetization opposing the geomagnetic field: M = NRM-χH, where H is the geomagnetic field in A m−1 (Figure 14B), which matches fairly well in shape and intensity at all heights with the experimental data.




3.3. Third Case Study: Cabo de Gata in Almería–Murcia Volcanic Area


The magmatic activity in Cabo de Gata is related to the dynamics of the margins of the colliding African and European lithospheric plates. The study in the Cabo de Gata region has been included for completeness and for the analogy that these volcanoes can represent for other planetary volcanoes, as in the case of Venusian domes.



The volcanic products have calc-alkaline affinity and the rocks range from basaltic andesites to rhyolites [84], and were erupted by submarine vents and deposited in submarine settings that have now been partially exhumed [75,85]. The two studied sites in the Cabo de Gata zone (Figure 15A) correspond to Mesa Roldán (Figure 15B) and Las Yeseras in La Serrata de Níjar (Figure 15C).



Mesa Roldán is a platform-shaped hill, which comprises an andesitic dome, with its flanks covered by Messinian littoral sediments and Quaternary terrestrial mixed breccias. On the upper plateau, the volcanic rocks are covered by marine sedimentary deposits of the carbonate platform and coral reefs, which reflect the late-Miocene warm period [86].



The structure is accessible for pedestrians and 4WD vehicles. In order to avoid anthropogenic contamination, the survey was performed along a narrow track that starts at the middle of its height and permits the structure to be climbed in a circular path on its skirt.



The magnetic signature is characterized by a northward paleovector with an intensity of the signal from 36,500 nT over the hillsides to a homogeneous intensity around 34,300 nT above the carbonate platform (Figure 16).



Regarding the composition of the magnetic carriers, the structure can be divided into three units with different lithologies and their mixtures: the dome, with an expectedly high magnetic signature due to both the composition (susceptibilities of andesites: ~1700 10−5 SI [87]) and the slow cooling of the andesitic erupted material; the breccia, with a moderate magnetic signature casted by the fragmented andesites cemented with sediments (susceptibility range 100–1000 10−5 SI); and the different sediments (low susceptibility χ << 100 10−5 SI).



Due to the high susceptibility of the andesitic dome compared to the other units, the pattern of the magnetic signature is associated with the distance to the magmatic dome. A simple model with a cylindrical body of 250 m radius and 300 m length centered at the surface, with a susceptibility of χ = 10−2 SI and a natural remanent magnetization of (Mx, My, Mz) = (−5, 0, −7.5) Am−1, simulated the dome with a reversed magnetization with respect to the present geomagnetic field.



The shape of the field anomaly casted by the model correlates very well with the experimental data, with a higher magnetic intensity along the flank of the mountain very close to the dome, and a lower signature on the plateau separated at a distance from the dome through the sediment layer (Figure 17).



The eruption is compatible with having occurred during an inversion of the geomagnetic field.



La Serrata of Níjar is a series of low-height hills (350 m) that extends 12 km in the direction NW–SE. It has a width of 1.2 km and is bounded by two parallel fault traces of the Carboneras Fault [88].



The site of the study belongs to the area named Las Yeseras. In La Serrata, the Carboneras Fault leads to the outcrop of volcanic units as well as the deformed Miocene sedimentary layer, which now appear flanked by Pliocene and Quaternary sediments at both sides of the fault zone (NW and SE). In particular, the site covers four different units: Quaternary sediments originating from volcanic rocks in the NW; towards the SE, there is an area of exposed Messinian sediments, including evaporitic, biogenic, and siliciclastic compounds; and in the central part of the Carboneras Fault, andesites with amphiboles, breccias, and volcanic tuff have been discovered.



At this site, a transect was performed with the drone. At the time of the survey, the technique for constant height flight had not yet been validated; therefore, the profile of the flight is a polygonal curve with the vertices associated with a height of 6 m above the track point with an altitude provided by the digital elevation model of Google Earth, with a maximum error in the barometric height with respect to the elevation of 1.5 m.



The magnetic measurements obtained show a dipolar anomaly towards the south of the NE–SW path in the central part of the image (Figure 18).



The region was also surveyed with the on-ground system (Figure 19). The magnetic measurements show a contrast among the different zones, including a magnetic signature of the area covered with the volcanic tuff and breccia in the range of 43,300–43,700 nT and the region covered with the Quaternary sediments (43,700–43,900 nT). The high magnetic signature is associated with the andesitic zone. In particular, in this region, there is a central part with an anomalous signature between 44,000 and 45,000 nT, which could be associated with a volcanic feature. The on-ground data correlate well with the drone measurements.



According to the literature and the magnetic survey, the site has been interpreted as follows.



In the central part of the transect, plotted in Figure 19, a lava dome outcrops. Towards the SE, the dome is in contact with a layer of the corresponding andesitic lava and breccia.



The area towards the north seems to be associated with the different Messinian sedimentary events, including the evaporites corresponding to the Messinian salinity crisis, which is flanked by the uplifted layer of Miocene tuff and breccia and flanked by the retreated sedimentary layer of the Plio–Quaternary.



Figure 20 shows the synthetic field generated by a simplified model that only includes a cylinder of 250 m radius, with a susceptibility of χ = 10−2 SI and a natural remanent magnetization of (Mx, My, Mz) = (1, 0, 1.5) A/m along the transect perpendicular to the fault (red and dashed line in Figure 20). It shows a good correlation with the measurements along the track indicated in Figure 18. The shape is slightly different from that of the transect of Figure 18 due to the different orientation of the two tracks.





4. Discussion


4.1. Appropriateness of the Proposed Methodology


Since the question of how to derive the magnetic sources from a measured field does not have a univocal solution, different techniques are used to constrain the degrees of freedom of the problem. The most commonly used is numerical inversion. This technique calculates a set of spread dipoles whose signature can be fitted with high accuracy to the experimental data in a surface or in a volume, with the accuracy being highly dependent on the sampling [1]. However, these methods present serious limitations when a restricted number of data are available [89]. Furthermore, scarce information is provided from the sources. In space exploration, the data of the different magnitudes measured by the distinct instruments are often limited, the data of a single magnitude are not homogeneously distributed, and they are often obtained at different altitudes. These circumstances make numerical inversion difficult or impossible for individual features.



The proposed methodology is compatible with the limited datasets obtained with either aerial or on-ground magnetic prospections [90,91], since this involves information from other parameters such as images. It is an alternative method, in which we construct models with simple geometrical bodies. The models mimic the morphology observed with the available images, either satellite, aerial, or on the terrain, based on building blocks for which we consider any extra available information that can help to derive the magnetic properties of the rocks, such as the composition, often related to magnetic susceptibility. In the studied analogs, different evidence has been used to complement the observations. For instance, the models for Pujalós and Crosa de Sant Dalmai are supported by the resistivity tomography published by other authors [80,81], as has been done with some other work on the Moon [92]. In the case of the spatter deposit of the Cerro Gordo volcano, the structure of the edifice in layers is backed by the susceptibility measurements performed in situ as well as some magnetic simple analyses, such as the measurement of the natural remanent magnetization on collected rocks. In the case of Mesa Roldán and La Serrata, the interpretation has been partially based on the existing literature [85]. The synthetic models produced contrast iteratively with the available magnetic data for refinement.



Since this methodology is feasible for use when a restricted dataset is available, it can be applied to the study of planetary features for which such restricted datasets are available, provided that the flight altitude is comparable with the dimensions of the structure under study. The approach intends to adjust to the observations and does not limit the calculation of the intensity and position of the sources. Additionally, the approach is compatible with incremental improvement of the models as soon as more information on the different parameters can be obtained.




4.2. Applicability of Proposed Methodology to Study of Planetary Volcanoes


Unfortunately, it is not currently possible to install volcanic observatories in the considerable number of volcanoes over a rocky planet. Furthermore, in spite of the technological advancements, exhaustive analyses often require instrumentation that cannot be sufficiently miniaturized to be included in the rovers. This might be the main reason why the next decade of space exploration points towards a proliferation of sample return missions [93,94,95]. These missions will be complemented with mobile platforms that help the selection of the samples to be brought back to Earth for high-precision and high-sensitivity characterization. Eventually, some of the mobile platforms could be drones to perform local reconnaissance flights [96,97].



The objective of this work is to establish a methodology that takes advantage of the present technological advances, being affordable in the short term in such a way that it is applicable to the study of planetary surfaces. It intends to be a methodology that extracts as much information as possible with the available, and relatively scarce, data from ground and flight magnetic field measurements, as well as other complementary information such as in situ magnetic susceptibility measurements. Though it relies on a multiphysics approach that naturally pursues incremental progress in the knowledge about the structures under study, the methodology is fundamentally based on magnetic properties. Thus, its application should target bodies that have (or had) a global magnetic field, and therefore will be applicable to different bodies such as Mercury, Mars, the Moon, and possibly Venus, where magmatism should modify the magnetic signature of their crusts.



When eruptions take place in the presence of an ambient magnetic field, since the partial melt temperature of the products is higher than the magnetic transition temperature, the erupted materials containing magnetic carriers record this field during the cooling down process following the eruption. However, some information could also be extracted if the global magnetic field is extinct, but the eruption took place in a magnetized box rock.



For the case of Mars, which had a magnetic field between 4.5 and 3.7 Ga ago [28], many features could be studied with this methodology. For volcanoes of sizes in the order of km, the first step would be to conduct magnetometry using onboard drones.



In contrast to Earth, where most volcanic activity is associated with plate boundaries, volcanism on Mars and Venus, which lack plate tectonics, is principally intraplate [30]. The examples of the volcanic outcrops studied constitute representative cases of volcanism associated with a mantle source and a weakened crust that facilitates the ascent of the magmatic materials. In spite of the fact that they cannot mimic the size and, probably, the composition of Martian volcanoes [98], the eruptive products at these zones cover a wide compositional range, from basalts to rhyolites with alkaline, calc-alkaline, tholeiitic, and shoshonitic geochemical affinities, which is similar to that determined for Mars and Venus (Figure 21). Thus, the whole set of the present study offers great compositional variety for the analysis of the aptitude of the proposed methodology.



This information could significantly benefit from different complementary measurements such as, for instance, from complex susceptibility (real and imaginary) measurements acquired in situ with rovers. This would allow an improved knowledge of the rocks’ composition in magnetic carriers and their structure in domains, despite a potentially weak or non-magnetic signature if the rocks were formed in an environment without a magnetic field. The magnetic field and magnetic susceptibility measurements are both feasible with the available technology [10,64] and are sufficient to reproduce the work presented in this paper in a volcano on Mars. Different and numerous analyses could be performed to complement the information extracted from the morphology observation and its assimilation in the magnetic models through the data of the surveys, which can be feasible in a longer time frame.



Additionally, more profound knowledge on underwater volcanism in Cabo de Gata’s volcanic rocks can contribute to the understanding the steep-sided dome structures of Venus. These circular, positive-relief landforms with pronounced margins are evidence of highly viscous lavas [29]. Further detailed petrological studies, at the andesitic dome of the Mesa de Roldán site, might help to explain the formation processes of these volcanic structures on Venus, which have been related to a high silica content, high crystal content, or high vesicularity [54,100].



In summary, despite the limitations of the proposed methodology, its placement into practice could provide important information on the volcanic processes of other planets prior to having in situ bases with more instrumental capability. It also has to be taken into account that the in-depth study of planetary volcanoes can help develop an understanding of the main differences between these bodies and Earth, and possibly derive important conclusions on the future evolution of our planet.





5. Summary


The objective of this work was to provide a preliminary interpretation of geological structures based on the analysis of their morphology through imaging and their magnetic signature as a feasible methodology in the short to medium term for planetary exploration due to the present technological achievements.



The methodology included a morphological analysis, on-ground and onboard drone magnetic surveys, in situ susceptibility measurements, and the generation of simple models that fit the observed structure as well as feedback of the calculated and measured signature. It was applied to the study of different examples in the most relevant volcanic provinces of the Iberian Peninsula, with the exception of the Valencia zone, because they are principally examples of intraplate volcanism, and therefore are structures analogous to the volcanoes of Mars.



It has been proven that magnetic measurements at different distances can be used to distinguish a spatter deposit on the volcanic edifice of Cerro Gordo in Campo de Calatrava, to identify the volcanic material accumulated in the vents after the eruptions in the Pujalós and Crosa de Sant Dalmai volcanoes in the Catalonian Volcanic Zone. This can also cast contrast between a Miocene volcanic island and its overlying carbonate outcropped platform in Mesa Roldán, as well as between Miocene volcanic rocks and littoral siliciclastic and biogenic oceanic sediments in La Serrata in the Cabo de Gata region.



The results of the models are compatible with the surveys to a first approximation. Furthermore, the susceptibility measurements can be used to classify distinct units by the additional contrast of their magnetic carriers and phases.



More extended magnetic mapping is planned for selected sites with drones, together with in situ measurements of magnetic susceptibilities, to focus on the proportion of the remanent to induced magnetization, to reinforce studies with paleomagnetic information.
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Figure 1. Location of the Iberian volcanism modified from Granja-Bruña et al. 2015 [61]. Study areas are shown in blue, green, and orange. Volcanic areas not included in this study are displayed in pink. 
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Figure 2. (A) Onboard drone and on-ground magnetometry. (B) Details of the ground magnetometry equipment. 
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Figure 3. (A) Ground station. (B) Drone with the boom to deploy the magnetometer in flight configuration. 
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Figure 4. (A) Hexacopter-type drone provided with a laser altimeter in the landing configuration with the boom horizontal. (B) Mobile ground station for tracks longer than 500 m. 
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Figure 5. NEWTON instrument: S-box with the sensing head and E-box with control electronics. Auxiliary devices such as a PC, battery, and a transport case. 
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Figure 6. (A) Volcanic zones of the Iberian Peninsula, excluding the islands Columbretes and Alborán. (B) Detail of the Catalonian Volcanic Zone indicating the three regions: L’Émpordà and La Garrotxa, as well as the location of the Pujalós and La Crosa de Sant Dalmai volcanoes. These images are from Google Earth Pro. 
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Figure 7. Magnetic anomaly of the Pujalós volcano measured with the on-ground equipment. The rectangle in the dashed lines shows the transect for the modeling. 
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Figure 8. (A) Scheme of the simulated structure, a cylindrical body of 140 m radius at a depth of 150 m with respect to the surface, with a susceptibility of χ = 10−2 SI and a remanent magnetization of (Mx, My, Mz) = (1, 0, 1.5) Am−1 using the geomagnetic reference system. (B) Results of the simulation. 
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Figure 9. (A) Geological map of the crater of the Crosa de Sant Dalmai volcano by Bolós et al., 2012 [82]. (B) Representation of the measurements performed with the on-ground equipment survey, showing the magnetic anomaly superimposed with the structure with the main different elements: phreatomagmatic deposits, scoria deposits, spatter, and lava flow, as well as the post-volcanic sediments. The rectangle in the dashed lines shows the transect for the modeling. 
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Figure 10. (A) Scheme of the simulated structure: the elements in red and green simulate the old crater and its deposits with a susceptibility of χ = 10−2 SI and a natural remanent magnetization of (Mx, My, Mz) = (2, 0, 3) Am−1; 2, and the blue cylinder depicts the material in the vent of the last eruptive episode with a susceptibility of χ = 10−2 SI and a natural remanent magnetization of (Mx, My, Mz) = (4, 0, 6) Am−1. (B) Graph of the magnetic field components and intensity calculated as |B|-F, sourced by the model. 
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Figure 11. (A) Map of the volcanoes of Campo de Calatrava from Rafael Becerra-Ramírez el al. 2020 [83] indicating the position of the Cerro Gordo volcano. (B) Photograph of the Cerro Gordo volcano. 
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Figure 12. (A) Representation of the measurements performed with the ground equipment (TITAN) and with the drone at different heights. (B) Track followed by the ground equipment and magnetic anomaly in a color diagram. 
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Figure 13. (A) Photograph of the spatter deposit wall. (B) NEWTON instrument measuring the susceptibility of the rocks of the layer. (C) Magnetic susceptibility of the different layers depicted in A as well as a reference sample: an epoxy parallelepiped with 10% weight of ferrite in the SI. 
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Figure 14. (A) Scheme of the simulated structure with three layers. (B) Numerical magnetic field generated by the model. 
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Figure 15. (A) Cabo de Gata area showing the Carboneras Fault and the two sites of study: (B) Mesa Roldán and (C) La Serrata. 
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Figure 16. Magnetic field intensity and direction of Mesa Roldán in Cabo de Gata registered by the on-ground equipment. 
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Figure 17. Interpretation of Mesa Roldán as a dome of 500 m diameter and 300 m height centered at the surface. Synthetic magnetic field: components and total field. 
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Figure 18. Experimental values of the magnetic field anomaly of the Carboneras Fault registered by the on-drone equipment. Graph concerning the track corresponding to the overflight of the hypothesized lava dome. 
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Figure 19. Experimental values of the magnetic field anomaly of the Carboneras Fault: intensity and direction registered by the on-ground equipment. Graph concerning the track corresponding to the overflight of the hypothesized lava dome. 
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Figure 20. Interpretation of the area of study (the Carboneras Fault) as a northern area associated with the different Messinian sedimentary events, including the evaporites corresponding to the Messinian salinity crisis, which is flanked by the uplifted layer of Miocene tuff and breccia and flanked by the retreated sedimentary layer of the Plio–Quaternary. The synthetic field is calculated by the simplified model of a cylindrical dome of 250 m radius, with a susceptibility of χ = 10−2 SI and a natural remanent magnetization of (Mx, My, Mz) = (1, 0, 1.5) A/m. 






Figure 20. Interpretation of the area of study (the Carboneras Fault) as a northern area associated with the different Messinian sedimentary events, including the evaporites corresponding to the Messinian salinity crisis, which is flanked by the uplifted layer of Miocene tuff and breccia and flanked by the retreated sedimentary layer of the Plio–Quaternary. The synthetic field is calculated by the simplified model of a cylindrical dome of 250 m radius, with a susceptibility of χ = 10−2 SI and a natural remanent magnetization of (Mx, My, Mz) = (1, 0, 1.5) A/m.



[image: Remotesensing 14 02039 g020]







[image: Remotesensing 14 02039 g021 550] 





Figure 21. TAS diagram [58] showing the compositional ranges of Catalonian Volcanic Zone, Campo de Calatrava [60] and Cabo de Gata [61], together with in situ analysis of rocks on Mars [36,37,38,39,40,41,42,99] and Venus [51]. 
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