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Abstract


This study used spatiotemporal land gravity data to investigate the 2021 eruption that occurred in the Cumbre Vieja volcano (La Palma, Canary Islands). First, we produced a density model by inverting the local gravity field using data collected in July 2005 and July 2021. This model revealed a low-density body beneath the western flank of the volcano that explains a highly fractured and altered structure related to the active hydrothermal system. Then, we retrieved changes in gravity and GNSS vertical displacements from repeated measurements made in a local network before (July 2021) and after (January 2022) the eruption. After correcting the vertical surface displacements, the gravity changes produced by mass variation during the eruptive process were used to build a forward model of the magmatic feeding system consisting of dikes and sills based on an initial model defined by the paths of the earthquake hypocenters preceding the eruption. Our study provides a final model of the magma plumbing system, which establishes a spatiotemporal framework tracing the path of magma ascent from the crust–mantle boundary to the surface from 11–19 September 2021, where the shallowest magma path was strongly influenced by the low-density body identified in the inversion process.
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1. Introduction


Volcanic hazard assessment is conditioned by the understanding of the geological structure, tectonic setting and subsurface processes taking place inside an active volcano [1]. The analysis and interpretation of gravity observations made on Earth’s surface can contribute to the study of volcanic processes in two significant ways. First, the inversion of spatial gravity variations produces subsurface density models. Thus, it is possible to build a density contrast model of the crust and upper mantle, which is usually involved in the evolution of volcanic processes. Second, gravimetry allows for the study of geodynamic processes based on spatiotemporal gravity changes [2]. Repeated observations made in different stages of the volcanic process (before, during or after an eruption) help in interpreting the redistribution of masses involved in the process. The recent volcanic episode that occurred in La Palma in 2021 on the western flank of the Cumbre Vieja volcano provides an excellent opportunity to apply these gravimetric techniques using several gravity datasets acquired both before and after the eruption occurring from 19 September to 13 December 2021.



Potential field methods have been widely used to study volcanic islands to obtain 3D models of the inner volcanic systems to image magma intrusion beneath the surface. This allows us to delineate the main volcanic structures and constrain the locations of dense intrusive basaltic and ultramafic bodies, as well as geothermal areas, related to the heat flow along the plumbing system (e.g., [3,4,5,6,7,8,9,10]).



La Palma is one of the youngest islands of the Canary Islands, and it is an intraplate volcanic archipelago located close to the NW coast of the African continent. The island is located in the westernmost part of the archipelago, covering an emerged area of 708 km2 (Figure 1). The insular volcanic edifice developed from 4000 m below sea level up to 2400 m above sea level; and overlies an old oceanic lithosphere (Jurassic age, magnetic reversal isochron M25, 156 Ma) [11]. The seamount stage started ~4–3 Ma ago, resulting in the construction of a basaltic Pliocene submarine edifice comprising a gabbroic plutonic complex [12] that presently outcrops to the north of the island (Figure 1, Basal complex). Subaerial volcanism started 1.8 Ma ago and built several volcanic edifices (Garafia, Taburiente, Cumbre Nueva and Bejenado), which developed in the northern part of the island after successive stages, and building periods alternated with large flank collapses. Volcanic activity paused ~0.4 Ma ago, and after an erosion period, the activity migrated south [12,13]. This last stage (from ~125 ka to the present) corresponds to the development of the Cumbre Vieja edifice (e.g., [14,15]) (Figure 1). Subaerial volcanic activity is mainly represented by basaltic, basanitic and tephritic lava flows and pyroclastic deposits produced by successive Strombolian eruptions (e.g., [12]).



In this paper, we study the latest eruption that took place in La Palma in 2021 from the study of gravimetric data observed before and after the eruption. Using a new gravimetric dataset obtained in the area around the eruption in July 2021, in combination with previous terrain and marine gravity data, we obtained a new Bouguer anomaly map. Then, we built a 3D density structure model for the Cumbre Vieja area using a genetic algorithm for the inversion of gravity data [16]. We interpret these data jointly with information derived from previous structural models obtained from our gravity data, seismic tomography [17] and magnetotellurics [18]. Additionally, a new gravity survey carried out in January 2022 allowed us to calculate gravity variations with respect to July 2021, resulting in the creation of a dynamic image of mass changes resulting from the eruption. We propose a model of the magma path through the crust, consisting of different dikes and sills, obtained from the distribution of seismic data and the best fit between theoretical and observed space-time gravity variations. Finally, we discuss the structural influence on the path followed by the magma until it reaches the surface according to the obtained models.




2. The 2021 Volcanic Eruption in La Palma


The 2021 eruption at the Cumbre Vieja rift lasted 85 days, from 19 September to 13 December, becoming the longest historical eruption in La Palma. The elongated fissure eruption at N133°E built a volcanic cone with a maximum height of 200 m from preexisting topography, reaching up to 1121 m above sea level. The lava emerged from six major craters and up to nine minor vents [19]. The maximum distance between the eruptive centers was approximately 1 km, and not all the vents were active at the same time; rather, their activity alternated according to temporal variations in the eruptive process. The final estimated erupted lava volume was approximately 34 × 106 m3, covering an area of 12 km2 [19].



Seismicity, ground deformation and degassing often precede volcanic eruptions [20]. Several studies have pointed to deformation patterns existing prior to La Palma’s seismic unrest in September 2021. Since the 1990s, movements on the west flank of the island, as well as around the Teneguía volcanic edifice, have been reported and attributed to deflation episodes [21,22,23,24,25,26]. In addition, [27] evidenced changes in the geochemical features of the volcanic system, involving substantial increases in CO2 emissions during 2011 and 2013 around the Cumbre Vieja edifice. More recently, [28] reported changes in helium isotope ratios as an early precursor of the volcanic eruption, pointing to the period of 2008–2013 as the start of the reactivation. However, none of these studies showed strong evidence of an emerging volcanic process.



According to the Spanish National Geographic Institute (IGN) seismic catalog (https://doi.org/10.7419/162.03.2022 (accessed on 1 July 2022), several seismic swarms occurred between October 2017 and August 2021 in La Palma. The earthquakes, with an approximate east–west trend, were located at depths between 14 and 30 km below sea level. The first seismic swarm was followed by nine similar swarms occurring from February 2018 to August 2021. Geochemical anomalies in gases, such as Rn, H and CO2, which were observed between the first two seismic swarms, as per [29], were the first to signal reactivation under Cumbre Vieja. Subsequently, ref. [15] also reported the unrest stage of La Palma from the detection of deformation patterns in the Aridane Valley, probably between 2009 and 2010, based on InSAR images. Recently, ref. [30], using InSAR observations, identified the possibility of shallow magma accumulation 3.5 months before the eruption, several kilometers SSW of the main emission area.



The seismic catalog provided by the IGN revealed a new seismic swarm starting on 11 September 2021, which was shallower than in previous cases. After a quick upward migration of the hypocenters from 10–12 km up to 2–3 km and then to the surface (Supporting Information, Figure S1), a volcanic eruption started on 19 September from a vent located approximately 2 km northwest of the 1949 historical San Juan eruption (Figure 1). This new eruption was also preceded by a ground uplift of approximately 30 cm in the vicinity of the eruptive center, as detected by InSAR [31]. After the end of the eruptive process on 13 December, intense gas emissions still affected two villages on the western coast of La Palma: La Bombilla and Puerto Naos (Figure 1). By the end of November 2021, very high concentrations of CO2 were measured in these two localities, which were evacuated at the beginning of the eruption due to the hazard of isolation by rockfalls cutting off access to roads to these localities. At present (March 2023), these two localities remain evacuated due to high concentrations of CO2. This gas principally concentrates in basements and garages in the interiors of buildings and on the outside, with values that locally exceed 100.000 ppm, as detected by a permanent monitoring network (https://volcan.lapalma.es/pages/calidad-del-aire (accessed on 1 February 2023). These anomalous high CO2 concentrations have a volcanic hydrothermal origin [32] and prevent people from returning home.



Earthquake hypocenters are the most reliable means to infer the magma location and allow for the tracking of the real-time position of magma at depth. Ground deformation, geochemical changes and petrology studies help provide a complete account of the process. Based on these data, some previous eruptive models were imaged for this last volcanic process that occurred at La Palma [30,31]. Thus, early seismicity at depth delineated the upper limit of the reservoir, probably located at the Moho depth, which ascended through the crust in the week before the onset of the eruption. Following a westerly direction, it probably stopped and formed a sill at 5 km below sea level, according to the deformation model provided by [31]. Finally, the ascending magma crossed the hydrothermally altered zone described by [18]. De Luca et al. in [31] show, from analysis of DInSAR images, a process of magma rising through a system of interconnected sills and dikes and propose the existence of two feeder dikes, which is compatible with the observed deformation patterns that would represent the ascending magma path.




3. Data and Methods


3.1. GNSS Data


To study the surface displacements preceding the eruption onset, when a significant increase in the seismic events took place, and during the first two weeks of the eruptive process, we analyzed data from available permanent GNSS stations in La Palma (LP01, LPAL from IGN, and MAZO from the GRAFCAN-Government of Canary Islands), as well as from our BALN station located on El Hierro Island [33] (Figure 2). We used the precise point positioning (PPP) technique to process the data [34]. The results reveal increases of ~3.5 cm and 2.5 cm in the LP01-LPAL and LP01-MAZO baselines, respectively, and a decrease in the LPAL-MAZO baseline of ~1 cm. Additionally, the analysis suggests a remarkable decrease of ~3 cm in the BALN-LP01 baseline (Figure 2). In addition, the computed horizontal displacements are in the range of 2 to 4 cm for stations LP01 and MAZO, whereas the maximum ground uplift detected at LP01 was ~1.5 cm.



Moreover, we analyzed GNSS data from surveys carried out during the observation of the gravity network in July 2021 and January 2021 to map the deformation pattern between these two gravity surveys (see Section 3.2 and Section 3.4).




3.2. Gravity Data Collection


The first gravity survey was carried out in July 2005 in the southern part of La Palma. We measured 101 gravity stations using a LaCoste and Romberg model-G gravimeter with digital electronic reading, considering an average equidistance of 1–1.5 km between them (Figure 3). A second survey was performed using a Scintrex CG5 gravimeter in July 2021, covering the central area of Cumbre Vieja with 41 new gravity stations. Initially, we selected 31 stations to establish a control network to monitor the eruptive area of Cumbre Vieja, although some of them became inaccessible due to lava flows or ash fall deposits produced by the 2021 eruption (Figure 3).



In January 2022, after the 2021 eruption had ended, we remeasured stations of this gravity network. Only 15 stations of the initial network could be recovered (Figure 3 and Table S1 in the Supporting Information).



We reobserved approximately 25% of the stations in each survey and occupied a selected base station at least twice daily. All these repeated observations were used to control instrumental drift and possible jumps or errors during the observation process. Three absolute gravity stations (PALM_ENIC, PALM_EANT and PALM_EVIR in Figure 3) provided by the Spanish IGN (Supporting Information, Table S2) were also observed and were used as reference stations.



Each station at nearly 30′ was occupied, and one gravity reading per minute was collected. The standard deviation of the single readings was within the interval of (0.01, 0.08) mGal (1 mGal = 10−5 m s−2). Gravity data were reduced by the height of the instrument over the benchmark. In addition, these values were corrected for atmospheric effects and Earth tides using the models provided by [35].



The precise coordinates of all stations were obtained by differential GNSS calculation, with an average error associated with the height values of ~2.6 cm, which can be translated as a gravity error of ~8 µGal (1 µGal = 10−8 m s−2).



We independently processed the two campaigns carried out before the eruption (July 2021) and after the eruption (January 2022). We estimate a linear component of the instrumental drift for each survey and the gravity value for each station using a least squares adjustment. In this procedure, the drift correction was applied for all gravity observations. The adjustment of the observations gave standard deviations of 0.026 mGal and 0.045 mGal for the respective datasets obtained in July 2021 and January 2022. Weather conditions and some instability due to eventual seismicity during the observation period could explain this latter value, which is higher than the value obtained for the July 2021 survey. Finally, we selected the absolute station PALM_EVIR, which is located to the north of the studied area, as the reference station (see Figure 3 and Tables S1 and S2 in the Supporting Information) to compare the January 2022 survey data with those of the previous surveys.



Aiming to build a detailed Bouguer anomaly map before the eruption, data observed in 2005 and 2021 were complemented with 274 gravity values from the Spanish IGN leveling network (140 around the Cumbre Vieja zone) (Figure 3). These gravity values are referred to as the absolute gravity values from IGN (Supporting Information, Table S2) and have an estimated precision of ~0.10 mGal. In addition, we used 1154 marine gravity values from the U.S. Geological Survey (USGS) to identify the offshore prolongation of land gravity anomalies. These data were collected by the Starella Research Vessel in 1987 and referred to the IGSN1971 standard gravity network, with line crossing differences of 1.1 mGal RMS [36,37].



Subsequently, the covariance analysis of the gravity map demonstrated the homogeneity among these gravity datasets and ensured a good transition between reference stations (Section 3.3).
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Figure 3. Distribution of the gravity stations of the different surveys used in this study. Marine gravity values are from the U.S. Geological Survey (USGS) [36]. The rectangular area shows an expanded image of Cumbre Vieja, where the names of absolute gravity stations (blue uppercase) and stations of the gravity network (black lowercase) are indicated. UTM coordinates are in m, in zone 28. 
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3.3. Bouguer Anomaly Map. Analysis of Gravity Anomalies and Inversion Algorithm


We used gravity data obtained before the 2021 eruption to calculate the Bouguer anomaly   ∆   g   i   B     for each i-station based on the equation


  ∆   g   i   B   =   g   i   o b s   −   g   i   N   − ∆   g   i   F A   − ∆   g   i   T e r r   − ∆   g   i   A t m    



(1)




where the successive terms correspond to the observed gravity in the i-station, the normal gravity calculated for the GRS80 ellipsoid, the free-air reduction, the terrain correction and the atmospheric reduction due to the height of the station.



To calculate the terrain correction, the choice of an adequate density value that represents the average density of all topographic masses is critical. For this reason, we developed a comprehensive analysis based on the Nettleton method (Supporting Information, Section S3). Based on these results and focusing our study on the Cumbre Vieja area, we selected a mean density of 2450 kg/m3 as the most representative density value for this area before the eruption of 2021 (Supporting Information, Figure S2). This value is similar to the density values calculated for other islands of the Canary archipelago (Supporting Information, Table S4), and it agrees well with the measured bulk density values (2412 ± 181 kg/m3) obtained from basanitic and tephritic lava flow samples collected for this study, which can be considered representative of the shallower crust in this area (Supporting Information, Table S5).



The terrain correction calculated the effect of the topographic masses following a conventional method that defines different zones with different resolutions according to the distance from the station point. Both terrain and bathymetry data for the area around each observed point were modeled using prims distributed in a grid with six zones based on a grid, such as that proposed by [38], which extends up to a radius of 167 km. We used different digital elevation models (DEM) according to the zone of proximity. A DEM with 5 m of resolution is used to perform the near zone correction (1 to 50 m) and successive models with resolutions of 25, 50 and 500 m for the farther zones. Each zone of the grid defines a different prism size (Supporting Information, Table S3). All prisms have a density of 2450 kg/m3 (1027 kg/m3 is the water density value that is assumed in marine areas) with a bottom (top in marine areas) at level z = 0, and the height of each prism is defined as the orthometric height of its location for land areas and the bathymetric depth for oceanic areas. The prism gravity attraction value can be precisely calculated using Nagy’s formula [39].


    ∆ g   p   k   = G ρ | | |   x   i   l n     y   i   +   r   i     +   y   i   l n     x   i   +   r   i     −   z   i   a r c s i n     z   i   2   +   y   i   2   +   x   i     y   i         y   i   +   r   i        z   i   2   +   y   i   2        |     x   1       x   2       |     y   1       y   2       |     z   1       z   2      



(2)







The final Bouguer anomaly map displays anomalies in the range of 203 to 303 mGal (Figure 4) and shows a main gravity high over the Taburiente caldera. This feature could suggest a certain similarity with the topography. Obviously, the use of a constant density value for the terrain correction implies that a certain correlation could exist in areas of rugged topography, although this correlation is minimal according to the abovementioned Nettleton method. Nevertheless, all Canarian islands exhibit a similar pattern in their gravity maps (e.g., [16,40,41]), with a gravity high in the area where the seamount growth stage started. Moreover, the map exhibits a gradient zone with decreased gravity values toward the southern part of the island, where the main low is located. These gravity trends could mask significant features from local sources, which may be interesting to identify as signatures related to the 2021 eruptive process. According to Figure 4, the eruption occurred at the transition zone between the high and low gravity fields in the southern area.



To quantify the consistency and homogeneity of different land and marine datasets used in obtaining the Bouguer map, we used a covariance analysis of the gravity data. If the information in these datasets is not uniform in composition or structure, a suitable covariance function cannot be found. Moreover, the covariance analysis and a further least-squares prediction permit us to obtain different levels of the gravity signal (e.g., [16]). We used this procedure to estimate the regional component of the gravity field obtained from the preeruption surveys (marine and land data; see Figure 3). Assuming that the covariance between two stations depends only on the horizontal distance, the empirical covariance is calculated and adjusted with a suitable analytical covariance function [42]. Then, the usual formulae for least-squares prediction [43] provide us with an estimation of a component of the gravity signal at this level of covariance. This estimated signal corresponds with the greatest amplitude component identified on the map, and therefore, it can be interpreted as a regional component associated with the deepest anomalous sources of the gravity field.



To study the influence of crustal structures on the occurrence of the 2021 eruption, the analysis was restricted to the area of Cumbre Vieja, where the epicenters of the earthquakes that occurred between July and December 2021 were located (Figure 5a). A clear coincidence between the occurrence of deep volcanotectonic earthquakes and the transition zone from high to low gravity values can be noted on the regional component map. After removing this regional component from the observed gravity values, the result reveals local gravity field signatures associated with shallow masses (Figure 5b). Two main low-gravity zones are discernible on both sides of the Cumbre Vieja rift. Epicenters between 15 and 0 km in depth correlate with the western low-gravity zone, where the 2021 eruption took place. When applying the covariance analysis to this local anomaly, the estimated noncorrelated noise has a mean value of 0.001 mGal and a standard deviation of 0.365 mGal, which can be considered an estimation of the quality of the gravity map (Supporting Information, Figure S3).



The spectral analysis of the Bouguer anomaly map below the plane of observation based on Syberg’s approach [44] revealed two different levels of sources at mean depths of 11.75 ± 0.70 and 2.16 ± 0.20 km (Supporting Information, Section S5 and Figure S4). Therefore, the identified regional component could represent the signature of structures located at the deepest level identified by the spectral analysis and could be related to the Moho, which is located at a depth of ~12 km [45].



The shallowest source level would be related to the local anomalies obtained after removing the regional component from the data (Figure 5). Consequently, the gravity inversion of these local anomalies can provide us with a model of the shallow structures that conditioned the path of the magma traveling to the surface during the 2021 eruption (Section 4.1).



Our gravity inversion approach, based on a genetic algorithm, has been successfully applied several times to search for the geometry of the gravity sources from a set of density contrast values fixed a priori. The methodology is fully explained in [16], and it involves simulating an evolutionary process of a population of possible solutions, mk, for the minimization of an error function given by


  F     m   k     =     A   m   k   −   g   o b s   −   G   k   u     T     E   s s   − 1     A   m   k   −   g   o b s   −   G   k   u   + β   m   k   T     C   M     m   k    



(3)




where A is defined by the forward problem, Ess is defined by the data error, Gk is an average value of the gravity data, u is the unitary vector, β is a regularization parameter chosen a priori and CM is the matrix that describes the uncertainty of model mk [16].



Each model is defined by a 3D grid made of prisms with assigned density contrasts from selected a priori values, which are distributed from the surface to the deepest sections of the model, according to the radii of the survey area. Then, in an iterative process, the algorithm modifies a set of possible models that evolve by changing the density contrasts assigned to each cell, seeking to minimize the error function (3). After this evolutionary process, where new generations of individuals are created and evaluated, the model that minimizes the error function is considered the best solution to the stated problem [16].




3.4. Gravity Changes between July 2021 and January 2022


During processes associated with eruptive events, the magma path and its storage system may cause both surface deformations and changes in the subsurface density distribution. These changes are likely to be detected as temporal gravity variations, which are observed in a network during different time periods of the volcanic process. In our case, the gravity network was configured according to site accessibility, which was limited due to the eruption process (Figure 2). Since our aim was to detect only subsurface mass changes, we accounted for two essential corrections to compare the gravity data acquired in the two surveys (July 2021 and January 2022): First, the gravimetric effect due to possible surface deformation during these periods (free-air effect), and second, the gravitational attraction of the new topography (the emitted lava flows and the new volcanic edifice). After these corrections, observed gravity changes should be associated only with the redistribution of subsurface masses. Additionally, a gravity gradient value is necessary for subtracting the vertical deformation effect from the data. Although it is known that the local gravity gradient may vary significantly across a volcanic area [46,47], it was not possible to measure it at each gravity station. Therefore, we used the global average value of −308.6 μGal/m to apply free-air correction (FAC) to the gravity values. The height changes between both surveys were determined from GNSS measurements made during the gravity surveys (Figure 6a). The results are consistent with the available data from the permanent GNSS stations (Figure 2) closest to the gravity benchmarks.



The free-air correction (Figure 6b) shows the maximum correction (positive and negative) with amplitudes ranging from +54 to −45 μGal to the west and east, respectively, of the emission center. These positive and negative corrections run according to the deformation along the NNW–SSE direction and decrease with distance from the eruption zone.



The new topography generated by the eruption changed the local gravity field, affecting the values observed in January 2022. To quantify this effect, we used the elevation differences in the digital terrain model for the beginning and end of the eruption. This dataset is available through the Copernicus European program database (https://www.copernicus.eu/en (accessed on 1 July 2022). Section S6 in the Supporting Information includes the methodology used to calculate the new topography contribution to the gravity field. This gravity effect ranges from −28 to 112 μGal and depends on the assumed density of 3000 kg/m3, which was based on grain density values obtained from the lava flows of the eruption (Supporting Information, Table S5) and on the proximity of the calculation point to the lava flows and the volcanic edifice originated by the 2021 eruption (Figure 6c and Figure S5 in the Supporting Information).



Figure 6d shows the gravity changes observed before and after the 2021 eruption in La Palma. Once the FAC and new topographic effects were removed, the gravity changes (Figure 6e) were presumably due to the redistribution of mass related to the eruptive process. The most remarkable feature on this map is a main high around the emission centers that runs SSW and has an elliptical shape.




3.5. Modeling of the Magmatic Plumbing System


Assuming that the migration of the hypocenters of the volcanotectonic events that occurred in the week preceding the eruption onset traced the path of magma ascent through the crust, we used the information reported in the IGN seismic catalog (https://doi.org/10.7419/162.03.2022 (accessed on 1 July 2022)) and a detailed spatiotemporal analysis of the relocated events provided by Del [48] to build an initial model of the plumbing system of the 2021 eruption. This model consists of a network of sills and dikes with geometric parameters obtained, on a first approximation, from the locations of the earthquake hypocenters. Once the horizontal and vertical sizes of the different elements that make up the model were determined, we estimated the thickness or maximum aperture for all of them. For this purpose, we used the method based on the aspect ratio of feeder dikes and sills proposed by [49,50]. A detailed description of the method can be found in the Supporting Information (Section S8). The details of this initial model are described in the Section 4.



The gravity changes observed in January 2022 with respect to July 2021 reflect the gravity attraction of the new masses emplaced within the volcanic edifice as the result of a shallow magma intrusion traveling to the surface. To better define the geometry and location of the elements of the initial model, we carried out forward modeling of the gravity increase detected after the eruption (Figure 6c).



To estimate the gravity attraction of this initial model, the sills and dikes were approximated by prisms of different sizes, dips and orientations and the analytical formulae for the gravity anomaly of a dipping prism of [51] were applied. We selected a mean density value of 3000 kg/m3, which corresponds to the grain density values measured in samples of the 2021 eruption lava flows (Supporting Information, Table S5). As the dikes and sills are intrusive rocks with no porosity, the use of the grain density is more appropriate than the use of the bulk density, which is more representative of the scoriaceous part of the lava flows. The gravity attraction of each k-th element of the model,   Δ  g i k   , is calculated in the gravity network considering the station height. The sum of all effects provides us with the calculated gravity of the model at each i-station.



Starting from the initial configuration of sills and dikes (Section 4.2.2), we tested different values for the geometric parameters and location of the different elements to search for the best fit between the observed and calculated gravity values at the network points. Apart from small variations in these parameters and/or changes in their azimuths, two new elements were added to obtain the best fit to the observed gravity data and to produce the final model of the magmatic plumbing system associated with the 2021 eruption at the Cumbre Vieja rift.





4. Results


4.1. Gravity Inversion Model for the Area of Cumbre Vieja Volcano


We applied the inversion procedure explained in Section 3.3 to the local gravity map (Figure 5b) to study the shallow structure beneath the Cumbre Vieja area. To define each model, the subsurface volume under the studied area was divided into a 3D grid made of 90,000 cubic prisms. The sides of the prisms gradually increase with depth, from 415 m for the shallowest prims to 900 m for the deepest prims at −15,000 m. Possible models of the sources of the gravity field were defined by allocating one of the a priori fixed-density contrasts, namely, −200, 0 and 300 kg/m3, to each cell. The higher density contrasts correspond to dense mafic rocks (plutonic rocks or areas of high concentrations of basaltic dikes), whereas the lowest density contrasts correspond to highly weathered igneous rocks and/or clastic materials. Rocks with a null density contrast represent the typical subaerial volcanic products of Cumbre Vieja (lava flows and pyroclastic deposits). These density contrasts are based on the typical values for volcanic rocks of the Canary Islands (e.g., [52,53]) and are supported by other gravity studies in this area (e.g., [7,41]), as well as the density values obtained from rock samples in this work (Supporting Information, Table S5).



From an initial set of possible models (in this case, we selected a population of seven individuals), the algorithm acted iteratively by altering these models with mutation, cross and smoothness operators. Convergence was obtained after 216,000 iterations reached a fit to the gravity data, with a standard deviation of 0.8 mGal (Supporting Information, Figure S6), which was considered successful according to the estimated noise level of the data (Section 4.1).



Figure 7 shows the model of the distribution of density contrasts through several horizontal and vertical sections.



The shallowest horizontal slice (0 km depth) does not show any evident spatial trend, but several low- and high-density zones are distributed across the whole area. These likely correspond to the irregular distribution of different shallow volcanic products and structures (lava flows, cinder cones, ash-fall deposits, etc.). A more defined spatial distribution of the different density bodies appears with increasing depth (Figure 7). We identify a high-density zone located to the north and two low-density zones on both sides of the Cumbre Vieja rift, extending ~4 km downward. The high-density area, which has already been reported by [40], is consistent with the outcrop of the Pliocene seamount edifice and its associated plutonic complex at depth [12], which is also characterized by high resistivity [18]. The low-density body located to the west has the largest extent and displays a roughly NNW–SSE trend, as shown in the plane view. When the S–N and W–E vertical cross-sections are observed, a concave geometry appears in the upper part of this structure (Figure 7). The eastern low-density body is smaller in size and has an approximately circular shape, as shown in the plane view.




4.2. Geometry of the Crustal Magma Plumbing System for the 2021 Eruption


4.2.1. Initial Model from Seismic Data


The spatiotemporal distribution of the earthquakes that occurred in La Palma during the 2021 eruption (Section 3.5) allowed us to image the crustal magma plumbing system from a depth of 12 km to the surface (Figure 8). Seismicity was restricted to the upper 12 km of depth from 19 September to 1 October 2021 (Supporting Information, Figure S1). As determined from the energy spectrum analysis (Supporting Information, Section S5) and in agreement with previous seismic studies (e.g., [54]), this depth is consistent with the estimated location of the Moho discontinuity. Consequently, the seismicity developed during the preeruptive stage was entirely located between the Moho and the surface. Based on this information, we traced the path of magma through the crust, which we describe in the following paragraphs and summarize in Table 1. All elements of this initial model are noted by a number and suffix I.



1—In the first four days after the beginning of the preeruptive seismic swarm (11–14 September), the volcanotectonic earthquakes define a dike propagating upward from depths of 12 to 7 km along a strike of N113°E and an ~40°SE dip angle (1I in Figure 8).



2—Over the next three days (15–17 September), seismicity stacked at a depth of 7 km, with a very small upward propagation (up to ~6 km) but extended radially up to ~2 km. This would be compatible with the development of an approximately circular sill of ~2 km in diameter with its top at a depth of ~6 km (2I in Figure 8). Immediately after this intermediate seismic swarm, some low-magnitude volcanotectonic events occurred approximately 3 km south at a shallower level (depth of ~1 km).



3—Suddenly, over a day and a half (18–19 September), seismic events started to propagate upward from depths of ~6 to ~2 km following a northward orientation, suggesting the intrusion of a new dike from the 6 km-depth sill that propagated in a N170°E direction with an ~55°S dip angle (3I in Figure 8).



4—After reaching a depth of ~2 km, seismicity expanded horizontally, first to the north and then east–west over an area of ~2 km in diameter that was very close to the place where, just a few hours later, the eruption started (19 September). We interpret the latter seismic activity as the emplacement of a sill-like shallow local magma reservoir (4I in Figure 8).



5—Small eruptive centers following a N133°E trend initially defined the eruptive fissure, and although different emission vents developed and disappeared over the 85 days of the eruption, the main orientation of the eruptive fissure remained almost constant. This would imply the intrusion of at least a final shallow dike connecting the local magma chamber to the surface, which can be defined by a subvertical dike (5I in Figure 8) trending N133°E with a length of at least 0.8–1 km along the strike, corresponding to the maximum distance between the different effusive centers that developed. At the end of the eruption, several vents opened on the southern part of the area covered by lava flows to the southwest of the volcano, and they opened 2 km away from the volcano in a NE–SW direction [55].



6—Soon after the eruption started, the seismicity at depths of ~12–14 km increased and remained almost constant during the whole eruptive process. The hypocenters define a tabular volume with a base area of ~ 7 × 2.5 km and a N40°E direction. We propose that this volume corresponds to the location of a sill-like body located at the Moho boundary (6I in Figure 8) resulting from the stagnation of magma ascending from the upper mantle that fed the upper system of interconnected sills and dikes (1I to 6I in Figure 8).



Taking all of this into account, the preliminary crustal magma plumbing system can be defined, from bottom to top, by a deep sill located at the Moho boundary feeding a deep dike trending N133°E that is connected to an ~2 km-diameter intermediate sill that is located at depths of ~6–7 km. A second dike trending N170° E would connect the sill with a shallower dike located only ~2 km depth below the eruptive fissure that is fed by a subvertical dike trending N133°E. This is a simplified model of an actual complex magma plumbing system consisting of several interconnected sills and dikes. Therefore, the potential presence of more dikes and sills at different places (such as that suggested by the shallow seismic swarm located to the SW of the study area) cannot be ruled out.



Regarding the estimates of the thickness or maximum aperture for each element of this model, the maximum opening displacement of the feeder dike originating at a depth of ~12 km and feeding the volcanic fissure associated with this eruption would be 6.7 ± 1.5 m. This value is of the same order of magnitude as that found in previous studies of feeder dikes in similar volcanic areas [50,56,57]. Regarding the different sills, we obtained maximum vertical thicknesses of 11 ± 2.2, 5.9 ± 1.1 and 4.4 ± 0.9 m for the 12, 6 and 2 km deep sills, respectively. Table 1 displays the geometric parameters defining the initial model of dikes and sills that describe the main features of the magma plumbing system based on a first approximation. A 3D view of the different elements of the model is shown in Figure 8.




4.2.2. Forward Modeling Using Gravity Data


The previous simplified model of dikes and sills was approximated by prisms of different sizes, dips and orientations, and they are listed in Table 2. The corresponding gravity attraction of this model (Figure 9) fits the observed gravity with a standard deviation of 42 μGal. Figure 9a reveals a gravity high of similar amplitude as that of the observed gravity variation in the area around the eruptive center, although it is slightly shifted westward. However, the model does not reproduce the secondary gravity high of ~150 µGal detected in the SW zone of the study area. This gravity high shows a good spatial correlation with the diffuse shallow (~1 km) seismic swarm that occurred around 17 September (Section 4.2.1), suggesting that a secondary magmatic body that was not clearly imaged by the seismic data was located here. Consequently, this preliminary model does not reproduce the observed gravity variation exactly and must be refined (Figure 9c).



To obtain a better fit of the gravity changes observed at the network stations, we tested small variations in the lateral dimensions and locations of the sills and dikes and/or changes in their azimuths. Moreover, we added two new elements to the preliminary model: a shallow (~1 km depth) sill of 2500 × 2500 m2 in size and a feeder dike trending N–S connecting the shallow and intermediate (~6 km depth) sills (Table 3 and Figure 10). From the aspect ratio analysis explained in Section 3.5, the estimated sizes of these new elements (3F and 4F in Figure 10 and Table 3) are approximately 2.5 ± 0.5 m for dike 3F and 5 ± 0.9 m thick for sill 4F. The presence of these elements is also supported by the occurrence of seismic activity (Figure 8a) in the area.



Table 3 lists the final parameters of the model that best fit the observed temporal gravity increase detected by the gravity network. The final elements of the model are renumbered (followed by suffix F) in chronological order of emplacement to distinguish them from the initial model elements (followed by suffix I). Figure 10 and Figure 11 show the elements of the new model, i.e., the calculated and the residual gravity fields, which were obtained by subtracting the calculated gravity from the observed data. The gravity residuals show the best fit for the observed data with a standard deviation of 29 μGal (Figure 10c and Figure 11), which improves the gravity fit of the initial model gravity. It should be noted that we propose a model to justify the gravity increase observed after the volcanic process. This means that elements accounting for a gravity decrease or explaining very local (spatial or temporal) effects are not included in the model. For this reason, some gravity stations outside the modeled area display high negative residual values.



It is obvious that during the eruption at Cumbre Vieja, a complex process of movement and storage of magma would have taken place, making it very difficult to replicate all the possible elements involved in it in detail, especially given that we have only the previous and final gravimetric images of this process and no other syneruptive data. Moreover, other unconsidered local effects could be the cause of the gravity differences revealed by our network (for instance, differences in subsurface water storage linked to pluviometry or changes in hydrological conditions in local aquifers).





4.3. Surface Displacements from July 2021 to January 2022


The intrusion of igneous bodies at shallow levels within the crust produces deformations at the surface in the form of vertical and horizontal displacements that are measurable by means of geodetic techniques, mainly GNSS, InSAR and tiltmeters (e.g., [58]). As GNSS data were also acquired during the July 2021 and January 2022 gravity surveys, we used this dataset to test the accuracy and reliability of the proposed model of dikes and sills (Table 3) to reproduce the observed surface deformation (vertical uplift).



In this case, the joint inversion of the gravity and GNSS data would provide ambiguous results due to the inherent nonuniqueness of the gravity inversion solution limited by a scattered distribution of the data. For this reason, we propose to use a forward modeling approach by considering all seismic, gravity and displacement information to define the model and select the best solution according to its reliability.



We used Coulomb 3.4 software [59] to calculate the theoretical static vertical displacement caused by the dikes and sills of the magmatic plumbing system (Table 3). The software approaches the sources through tabular bodies to model a typical fault mechanism. Okada’s dislocation model in an elastic half-space [60] gives the deformation and stress change caused by a tensile component of displacement, such as the opening or closing of a tabular body. We parametrized the dislocation model as having a given Young’s modulus of E = 5 GPa, Poisson’s ratio of σ = 0.25 and friction coefficient of 0.4. Assuming the dike expansion model described in Section 4.2.2., Figure 12 shows the Coulomb results for a depth of 0 km. Additionally, Figure 12b shows the comparison of these results with the vertical displacements at the gravity stations calculated from GNSS data observed during the July 2021 and January 2022 surveys (Figure 6a).



The resulting vertical displacement that was calculated by assuming the final model and using Coulomb 3.4 software is in good agreement with that obtained from GNSS data (Figure 12b). For instance, at the points closest to the eruptive zone where we made GNSS measurements, the vertical displacements were approximately +16 cm (Canfuego station) and +19 cm (PALM_ENIC station) to the west of the eruptive fissure, and the values changed to −14 (Pistastr1 station) and −15 cm (Pistastr2 station) to the east of the fissure (see Figure 3 for the distribution of stations). Similarly, the modeled vertical displacement varied from −20 to +20 cm around the eruptive zone. That is, gradual uplift of the surface appears to the west of the eruption, and in contrast, the eastern sector of the eruptive zone shows gradual subsidence in the same way that GNSS observations reveal. Therefore, this agreement between the different results for vertical displacement supports the proposed model of the magma plumbing system deduced from the distribution of volcanotectonic earthquakes and gravity data.





5. Discussion


A detailed image of magma plumbing systems and their temporal evolution is crucial to understanding how volcanic eruptions initiate and evolve over time, with important implications for the assessment of volcanic hazards [61]. The availability of different data observed during the volcanic process, such as the volcanotectonic earthquakes preceding and occurring during eruptive events (e.g., [62]) or the spatiotemporal gravity changes in the pre, syn and posteruptive phases (e.g., [63,64]), can significantly contribute to this knowledge.



In this work, the joint analysis of (1) the investigation of the preeruptive and syneruptive seismicity and (2) the forward modeling of the gravity changes produced during the eruption, as interpreted in the framework of the density distribution obtained through gravity inversion, represents a powerful tool for understanding the process of magma ascent and storage preceding the 2021 volcanic eruption in La Palma; this analysis provides us with a more detailed account of the process occurring below the surface compared to that obtained from the classical point source model estimations using idealized spherical or ellipsoidal cavities in an elastic half-space (e.g., Mogi model, [65,66,67,68], among others).



Density contrasts between the magma and crust can affect the material volumes extruded during a volcanic eruption [69] because they can act as a guide for magma ascent, both trapping magma [70] and favoring its ascent through boundaries where rheological changes are present [71,72]. Dense magmas can be trapped inside lower-density crustal areas depending on buoyancy levels and changes in rheological properties traversed during ascent. Low-density zones are usually explained by the existence of magma reservoirs under volcanic calderas [3,73], whereas high-density bodies under volcanic areas are usually related to zones where basaltic magma intrusions were intense in the past [7,74,75].



The inversion of the local gravity field (Figure 5b) revealed the inner structure of the upper part of the Cumbre Vieja volcanic edifice, where two main features can be distinguished (Figure 7): high-density structures that we interpret as intrusive bodies, such as mafic dikes and plutonic rocks, and low-density structures that we relate to highly porous and permeable materials, such as pyroclastic deposits and/or highly weathered igneous rocks.



These low-density zones are in good agreement with the low-resistivity materials from 2 to 3.5 km below sea level inferred by [18], which were related to the presence of hydrothermal alteration products. In particular, the 2021 eruption occurred only at the northern boundary of the western low-density and low-resistivity body, which shows almost the same NW–SE trend as that of the eruptive fissure. This correlation suggests that the boundary of the low-density body (subvertical at the eruption location) corresponds to a major rheological contrast that would have conditioned the final magma path toward the surface (e.g., [76]). Moreover, the distribution of the shallowest volcanotectonic earthquakes, which points to this zone as a place where magma could accumulate (Figure 7) and the increase in the gravity values revealed by the survey carried out after the eruption (Figure 6) support this hypothesis.



Figure 13 shows an interpretative model of the structures identified by gravity modeling (Figure 7) and the evolution of magma upwelling from 11–19 September when it arrived at the surface (Figure 10). From the geological interpretation, some conclusions can be derived. The Moho interface constitutes a main rheological boundary where large sill-like bodies can be emplaced and act as temporary magma reservoirs, increasing pressure as the volume of accumulated magma increases. We propose that magma has accumulated (and differentiated) at least since the beginning of the seismic unrest detected in 2017 [29,77] and probably since 2009–2010 [15,78]. Figure 5a represents the component of the Bouguer gravity anomaly corresponding to the sources located in these deep sections. The high gravity anomaly gradient trending northwest/southeast encloses the seismicity at Moho depths, pointing to a high rheological contrast where high-density variation can trap magma.



Once magma overpressure reached a critical level (i.e., a value equal to or larger than the tensile strength of the crust at that depth), a dike began to propagate upward into the oceanic crust, as deduced from the migration of volcanotectonic earthquakes observed from 11–14 September. Dike propagation (element 1F in Table 3, Figure 10 and Figure 13) continued until it reached the contact point between the old oceanic crust and the young submarine volcanic edifice (at ~6–7 km below sea level) because this lithological and rheological boundary constitutes a stress barrier [14,79]. There, the stagnation of magma developed a sill (element 2F) that accommodated the volume of melted material flowing from the Moho (second period in Figure 13). This intermediate-depth sill could not spread from 15–18 September except for a secondary dike that progressed southward. Indeed, the observed gravity changes reveal an increase in the gravity values in this zone, which can be explained only by mass addition beneath this area. We suggest that this anomaly was generated by the presence of a dike (element 3F) ascending through the low-density body toward the southwest part of the sill and becoming arrested at a depth of ~1 km below sea level, where a new sill developed (element 4F). It is worth noting that despite the dike reaching a very shallow depth, it failed to erupt, probably because the low-density body is made up of a soft, porous and permeable material (third period in Figure 13). Sills commonly form at the contact points between mechanically dissimilar rock layers (e.g., [50,80]), provoking the deflection of dikes into sills. Therefore, the occurrence of soft layers suppresses or reduces tensile stresses (e.g., [80]), causing the stagnation of the magma. This seems to be the case for these elements (dike 3F and sill 4F) that prevented an eruption in that zone that is located to the south of the village of Jedey (see Figure 1 for the location of Jedey). The lack of a neat seismic swarm associated with this sill can be explained by the fact that the soft material mainly deforms in a ductile manner and rarely develops the brittle deformation needed for the generation of volcanotectonic events.



According to [30], this is not the only previous attempt of magma ascent. Several ascending branches from a previous magma accumulation to the SSW of the final eruption vents occurred prior to the eruption between 13 September and 20 September 2021. Similar to the case corresponding to the south of Jedey, it corresponds to failed eruptions.



As long as the volume of the intermediate sill (element 2F) that was arrested at the base of the submarine edifice increased, on 18 September, magma overpressure forced a new dike (element 5F) to propagate upward from a depth of 6 km up to the boundary of the low-density body located at a depth of 2 km (fourth period in Figure 13), where a new shallow sill formed (element 6F). This sill is located only at the vertical northern boundary of the low-density body. In contrast to the shallow sill located south of the village of Jedey (element 4F) that could not propagate upward, the existence of this subvertical rheological discontinuity favored the upward progression of magma that finally reached the surface (element 7F) and caused the eruption on 19 September.



The different levels of magma stagnation obtained in this model agree with those obtained in thermobarometry studies for previous historical eruptions in La Palma (e.g., 1971 Teneguía, [81]; 1949 San Juan, [82,83]), favoring the hypothesis about the similarity among the magma plumbing systems of the historical eruptions in La Palma.



Our results suggest that the low-density structure plays a fundamental role, both in the process of magma ascent and in the final location of the eruptive vent. None of the shallow sills that formed because of the existence of the low-density body would finally succeed in producing an eruption. However, the sill beneath the eruption site was very close to the vertical boundary of the low-density body, favoring the fast propagation of accumulated magma and finally succeeding in reaching the surface, following the structural discontinuities that promoted this ascent [71,72].



The magnetotelluric study by [18] revealed the presence of a clay cap favoring the presence of an active hydrothermal system under Cumbre Vieja, where low resistivity values can be related to geothermal fluids. When the conductivity model of these authors is compared to our gravity inversion model, high spatial concordance between low-density volumes and low-resistivity anomalies can be noted.



The seismic tomography study carried out by [17] revealed low velocities for P and S seismic waves, which again highlights the soft features characterizing this area. The rheological change determined by the density, seismic velocities and resistivity contrasts affects magma buoyancy, whereas seismicity dispersion at this level would indicate an important rigidity contrast.



Notably, the surface area occupied by this low-density body associated with this volcanic process coincides well with the area where, before and during the eruption, successive episodes of inflation/deflation [31] were observed from GNSS and DInSAR data as well as significant variations in the corresponding baseline length (Figure 2). This reinforces our interpretation about how the presence of the low-density body conditioned the ascent of magma since trapping magma in its bottom section possibly caused inflation/deflation episodes due to the deflection of the ascending dikes into sills, whereas the low-density body favored magma ascent through its northern boundary. Considering that the low-density body represents a barrier for dike propagation, this would have implications for the assessment of the volcanic hazard in Cumbre Vieja, as the probability of a future eruptive event will be lower only in the area located over the low-density body. Conversely, the lateral subvertical boundaries of the low-density body constitute zones of preferential magma ascent, and thus, the probability of hosting future eruptive centers is higher there. This hypothesis would also apply to the location of previous historical eruptions. This seems to be the case for the San Juan 1949 eruption, with its eruptive center located just 2 km south of the 2021 Cumbre Vieja eruption and very close to the eastern boundary of the low-density body, but also for the Tajuya 1585 and El Charco 1712 eruptions.



Finally, the western boundary of the low-density body could also be the cause of the strong CO2 concentrations affecting the villages of Puerto Naos and La Bombilla [32] that were previously described in Section 2. As shown in Figure 7, the western boundary of the low-density body corresponds to a strong linear feature trending NW–SE connecting the location of the shallow (depth of ~1 km) sill (element 4F in Figure 10 and Figure 13) to the evacuated villages. We propose that the degassing of the sill at depth is the origin of gas emissions that, favored by the high porosity and permeability of the low-density body and channeled through the contact between them and the dense rocks of the volcanic edifice, propagate NW, reaching the towns of Puerto Naos and La Bombilla. It is likely that CO2 concentrations will remain high in these areas until the sill is fully degassed and solidified.




6. Conclusions


We analyzed the 2021 eruption at the Cumbre Vieja rift in La Palma using gravimetry techniques for both structural and spatiotemporal evolution purposes. Fresh data collected two months before the eruption’s onset and immediately after its end provided us with new information about the subsurface structures involved in the process and the final mass redistribution produced by the eruption. Assuming that this volcanic process left a significant trace in terms of gravity changes, we used a combination of seismic and gravity information to obtain a detailed image of the shallow magma plumbing system that fed the 2021 eruption at Cumbre Vieja volcano.



The covariance and spectral analysis allowed us to separate the regional and local components of gravity, which are coherent with previous models developed from gravimetry and magnetotelluric sounding. The inversion of the local component of gravity to build a 3D density model of the shallow structures (Figure 7) revealed the presence of low-density structures, possibly linked to materials altered by the hydrothermal system.



We used spatiotemporal gravity data collected prior to and after the 2021 eruption to estimate the vertical displacement of the ground and changes in the gravity field associated with the mass increase for this eruptive event (Figure 6). These gravity and displacement data, which were analyzed jointly with preeruptive volcanotectonic seismicity, were used to build a forward model that contains simplified geometries representing a network of sills and dikes (Figure 10). This model describes a spatiotemporal framework that traces the path of magma ascent from the crust–mantle boundary to the surface from 11 September to 19 September 2021. Furthermore, the integration of this feeding system into our density model (Figure 7) revealed that a low-density body related to highly altered and porous materials controlled the magma path to the surface at shallow depths (see Figure 13).



In fact, our results suggest that the location of the eruptive vents of the 2021 eruption, and probably those of other historical eruptions in La Palma, were conditioned by the presence of the low-density body beneath the western flank of the Cumbre Vieja rift that prevented the ascent of magmas through it. When magma arrives at the base of this body, it becomes arrested and forms a sill. However, when the intrusion of magma takes place close to the boundaries of this body, it can succeed in propagating upward and reaching the surface because the rheological discontinuity associated with the contact between this body and the surrounding materials facilitates magma upwelling. This has important consequences for the assessment of volcanic hazards in La Palma since the probability of hosting future eruptive centers would be higher in the vicinity of the boundaries of the low-density body.



The magmatic system imaged by our data could also shed light on the current hazard produced by CO2 concentrations affecting the villages of Puerto Naos and La Bombilla, as it is related to a shallow sill near the village area, which would be connected to the western boundary of the main low-density body identified in the proposed model.



Our results show that gravity studies, together with GNSS and seismic data, can provide us with significant insights into hazard warnings and risk assessments in volcanic areas. The shallow crustal model obtained from gravity inversion can help to identify the possible magma path and zones of stagnation during the volcanic process. Moreover, gravity control networks and other continuous monitoring techniques allow us to describe the temporal evolution of this process. Consequently, this work reinforces the importance of using gravimetry and establishing denser control networks aimed at the continuous monitoring of the redistribution of masses produced during volcanic reactivation.
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Figure 1. Simplified geological map of the island of La Palma, including historical eruptions and the last eruption in 2021 at Cumbre Vieja. UTM coordinates are in km, in zone 28. Black squares denote the villages of Puerto Naos (PN), La Bombilla (LB) and Jedey (JE). 
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Figure 2. (a) Variation in the baseline length calculated for GNSS stations LP01, LPAL and MAZO situated in La Palma and station BALN in El Hierro. (b) Variation in the local east, north and upward coordinates for GNSS stations LP01, LPAL and MAZO in La Palma. The gray shaded areas in (a,b) indicate the period of the seismic swarm prior to the eruption onset (red line). Y-axis units are shifted for easier viewing. (c) Maps of the La Palma (the black area indicates the 2021 lava flows) and El Hierro islands, showing the distribution of GNSS stations (red dots). 






Figure 2. (a) Variation in the baseline length calculated for GNSS stations LP01, LPAL and MAZO situated in La Palma and station BALN in El Hierro. (b) Variation in the local east, north and upward coordinates for GNSS stations LP01, LPAL and MAZO in La Palma. The gray shaded areas in (a,b) indicate the period of the seismic swarm prior to the eruption onset (red line). Y-axis units are shifted for easier viewing. (c) Maps of the La Palma (the black area indicates the 2021 lava flows) and El Hierro islands, showing the distribution of GNSS stations (red dots).



[image: Remotesensing 15 01936 g002]







[image: Remotesensing 15 01936 g004] 





Figure 4. Bouguer anomaly map calculated from the gravity values observed before the 2021 eruption (Figure 3). The zone occupied by lava flows during the 2021 eruption is shaded in black, and the eruptive centers are indicated by white triangles. UTM coordinates are in m, in zone 28. 






Figure 4. Bouguer anomaly map calculated from the gravity values observed before the 2021 eruption (Figure 3). The zone occupied by lava flows during the 2021 eruption is shaded in black, and the eruptive centers are indicated by white triangles. UTM coordinates are in m, in zone 28.



[image: Remotesensing 15 01936 g004]







[image: Remotesensing 15 01936 g005] 





Figure 5. (a) Regional component of the gravity field estimated by covariance analysis. The horizontal distribution of deep volcanotectonic (VT) earthquakes is included. (b) Corresponding local gravity map calculated by removing the regional component from the observed gravity map without (center)/with (right) the horizontal distribution of shallow volcanotectonic events. UTM coordinates are in m, in zone 28. 
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Figure 6. (a) Height differences observed between January 2022 and July 2021 as calculated through GNSS data processing observed in the gravity network. (b) Free-air correction for the gravity stations obtained from the height data (a). (c) Gravity attraction due to lava flows and the new volcanic edifices of the 2021 eruption. (d) Values of gravity differences calculated between January 2022 and July 2021. (e) Same results as (d) but considering the free-air correction and gravitational attraction of the new topography. Note that the contour maps shown in (d,e) are influenced by the distribution of a few gravity stations, showing predicted values where there are no data. UTM coordinates are in m, in zone 28. 
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Figure 7. Model of the density contrasts obtained from the inversion of the local gravity map (Figure 5b) of the Cumbre Vieja area (La Palma). Density contrasts range between −200 and 300 kg/m3. We show several horizontal sections at several depths and in three vertical sections (at the bottom of the figure) following the S–N, W–E and NW–SE directions, which are highlighted in the horizontal section at 0 km. The hypocenters of the volcanotectonic earthquakes that occurred from July to December 2021 are included. Red triangles indicate emission centers, the red polygon shows the area occupied by the lava flows during the 2021 eruption and green squares denote the villages of Puerto Naos (PN), La Bombilla (LB) and Jedey (JE). UTM coordinates are in m, in zone 28. 
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Figure 8. (a) Plane view of the spatiotemporal distribution of volcanotectonic earthquake events (mbLg > 2) from 11–19 September 2021 and syneruptive intermediate-depth events. From this information, we produced an initial model of the magma plumbing system of the 2021 eruption consisting of different dikes (1I, 3I and 5I) and sills (2I, 4I and 6I). (b) Three-dimensional sketch of the model shown in (a). The values next to the labels correspond to the thickness of the sills and the width of the dikes. Details on the geometric properties of the elements of the model can be found in the text and in Table 1. UTM coordinates are in m, in zone 28. 
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Figure 9. (a) Map of the gravity response due to the initial model of the magmatic feeding system (black contour lines) (Table 2), which should fit the gravity differences observed between January 2022 and July 2021 (filled colored contour map). (b) The sills and dikes were approximated by prisms (black lines and red labels in (c)) according to the locations of the volcanotectonic earthquakes. (c) Map showing the differences between the observed and calculated gravity values obtained by the interpolation of the data measured at the gravity stations. The maximum value (dark red spotted area) shows a gravity increase between surveys not justified by the gravity attraction of the sills and dikes of this initial model. UTM coordinates are in m, in zone 28. 
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Figure 10. (a) Final model of dikes and sills (blue lines) inferred from forward gravity modeling. The gravity response of the model is shown as contour lines. Different dipping and right prisms (Table 3) were used to define the final model that best fits the increasing gravity values (filled contour map). (b) Comparison with Figure 9 to help identify the differences between the initial (black lines) and final (blue lines) models. (c) Map of the difference between the observed and calculated gravity values obtained from the values measured in the gravity network through interpolation.he color scale is the same as that used in Figure 9. UTM coordinates are in m, in zone 28. 
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Figure 11. Comparison between gravity values (left) and residuals (observed gravity minus calculated gravity) (right) corresponding to the initial and final models. The observed gravity differences between January 2022 and July 2021 are displayed in black (left). Error bars indicate the errors estimated from the observed gravity values and free-air correction for each station. The statistical parameters are included in the table (right). The distribution of the gravity stations is indicated in Figure 3. 
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Figure 12. (a) Vertical displacement computed with Coulomb 3.4 software based on the modeled magmatic intrusions (Table 3). (b) Height variations (in cm) between January 2022 and July 2021 calculated from the processed GNSS observations obtained from the gravity network during the respective surveys, displayed as brown contour lines over the vertical displacement shown in (a). UTM coordinates are in m, in zone 28. 
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Figure 13. Distribution of the density contrast structures calculated from the gravity data inversion with the representation of the model of sills and dikes of the magma plumbing system (Table 3) during successive time periods before and until the onset eruption. The formation of sills (2F, 4F, 6F and 8F) at different horizontal boundaries and the path followed by dikes (1F, 3F, 5F and 7F) running through low-density structures support the hypothesis of the proposed model. The white arrows indicate the magma path. The distribution of volcanotectonic earthquakes shows a good correlation with the proposed model. The vertical scale is given in km. 
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Table 1. Geometric parameters of the sills and dikes of the initial model of the magma plumbing system obtained from the analysis of the recorded seismicity. The ‘cross-sectional area/radius’ shows the length and width of the dike cross-section and the radius of the surface occupied by each sill, assuming a circular/elliptical shape. The ‘dip angle’/’azimuth’ columns show the dip/orientation of the dikes (see Figure 8).
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Element

	
Date

	
Center Coordinates

	
Cross-Sectional Area/Radius

(m2/m)

	
Depth

(m)

	
Thickness

(m)

	
Dip Angle

	
Azimuth

(North)




	
E-UTM

	
N-UTM






	
1I-Dike

	
11–14 September

	
218,600

	
3,165,100

	
1000 × 6.7

	
(−12,000, −6000)

	

	
40°

	
133°




	
2I-Sill

	
15–17 September

	
218,600

	
3,165,100

	
1000

	
−6000

	
5.9

	

	




	
3I-Dike

	
18–19 September

	
218,600

	
3,168,200

	
1000 × 6.7

	
(−6000, −2000)

	

	
55°

	
170°




	
4I-Sill

	
19 September

	
218,500

	
3,169,000

	
1700

	
−2000

	
4.4

	

	




	
5I-Eruptive fissure

	
19 September

	
219,000

	
3,168,800

	
1000 × 6

	
(−2000, 1100)

	

	
90°

	
133°




	
6I-Sill

	
Eruptive period

	
222,700

	
3,162,950

	
2800

	
−12,000

	
11

	

	











 





Table 2. Geometric parameters defining the elements of the initial model of the magma plumbing system used as starting points for gravity-forward modeling. These parameters are based on those displayed in Table 1 (deduced from the analysis of the seismicity), although they have been adapted to represent the sills and dikes as right and dipping prisms of the rectangular cross-section, respectively, for the calculation of their gravity attraction. Columns ‘dx’ and ‘dy’ show the lengths and widths of the top (and bottom) face of the prisms, respectively, whereas the azimuth column displays the orientation of these elements (see Figure 9).
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Number

	
Element

	
Center Coordinates

	
dx

(m)

	
dy

(m)

	
Top

(m)

	
Bottom

(m)

	
Dip Angle

	
Azimuth




	
E-UTM

	
N-UTM






	
1I

	
Dike

	
218,600

	
3,165,100

	
1000

	
6.7

	
−6000

	
−12,000

	
40°

	
133°




	
2I

	
Sill

	
218,600

	
3,165,100

	
2000

	
2000

	
−5994

	
−6000

	
0°

	
0°




	
3I

	
Dike

	
218,600

	
3,168,200

	
1000

	
6.7

	
−2000

	
−6000

	
55°

	
170°




	
4I

	
Sill

	
218,500

	
3,169,000

	
2500

	
2500

	
−1996

	
−2000

	
0°

	
0°




	
5I

	
Eruptive fissure

	
219,000

	
3,168,800

	
1000

	
6

	
1100

	
−2000

	
90°

	
133°




	
6I

	
Sill

	
222,700

	
3,162,950

	
7000

	
4000

	
−11,989

	
−12,000

	
0°

	
40°











 





Table 3. Parameters defining the final model of sills and dikes that best reproduce the temporal gravity increase associated with the emplacement of magma feeding of the 2021 eruption in La Palma. Note that the elements have been renumbered chronologically with respect to the initial model (Table 1 and Table 2), adding the letter F had been added for ‘final’ instead of I for ‘initial’ and a new dike (3F) and sill (4F) have been added to the system. The geometric properties of the different elements of the model are displayed in Figure S9 of Supplementary Information S9.






Table 3. Parameters defining the final model of sills and dikes that best reproduce the temporal gravity increase associated with the emplacement of magma feeding of the 2021 eruption in La Palma. Note that the elements have been renumbered chronologically with respect to the initial model (Table 1 and Table 2), adding the letter F had been added for ‘final’ instead of I for ‘initial’ and a new dike (3F) and sill (4F) have been added to the system. The geometric properties of the different elements of the model are displayed in Figure S9 of Supplementary Information S9.





	
Number

	
Element

	
Center Coordinates

	
dx (m)

	
dy

(m)

	
Top

(m)

	
Bottom (m)

	
Dip Angle

	
Azimuth

(North)




	
E-UTM

	
N-UTM






	
1F

	
Dike

	
218,600

	
3,165,100

	
1000

	
7

	
−6000

	
−12,000

	
57°

	
133°




	
2F

	
Sill

	
218,600

	
3,165,100

	
2500

	
2000

	
−5994

	
−6000

	
0°

	
90°




	
3F

	
Dike

	
218,600

	
3,165,100

	
500

	
2.5

	
−1000

	
−6000

	
50°

	
170°




	
4F

	
Sill

	
218,500

	
3,160,200

	
2600

	
2600

	
−995

	
−1000

	
0°

	
0°




	
5F

	
Dike

	
218,600

	
3,168,200

	
1000

	
7

	
−2000

	
−6000

	
55°

	
170°




	
6F

	
sill

	
219,529

	
3,168,835

	
2500

	
2500

	
−1994

	
−2000

	
0°

	
145°




	
7F

	
Eruptive fissure

	
219,600

	
3,168,700

	
1000

	
6

	
1100

	
−2000

	
90°

	
133°




	
8F

	
Sill

	
223,300

	
3,162,500

	
7000

	
2500

	
−11,988

	
−12,000

	
0°

	
40°
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