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A B S T R A C T   

We investigated the detailed 3-D crustal structure beneath the island of La Palma (Spain) using the data from 
local earthquakes. We separately analyzed the pre-eruptive and the sin-post-eruptive seismic activity as well as 
the complete dataset. For each set we performed a separate isotropic seismic tomographic inversion to obtain 
isotropic 3-D P-wave and S-wave velocity (Vp, Vs) models and Vp/Vs ratio distribution down to 15 km depth. We 
also performed two types of anisotropic tomography using the same datasets to study 3-D Vp azimuthal and 
radial anisotropy structures. A high-Vp anomaly was revealed under the Taburiente caldera, which coincides 
with a resistive body interpreted as the oldest basal complex. In the shallower layers under the southern part of 
the island, low-V anomalies in the north-south direction were identified. These are associated with the N-S rift 
structure in Cumbre Vieja in accordance with gravity and geoelectric anomalies. Both electrical and seismic 
anomalies around the Cumbre Vieja volcanic ridge could indicate the presence of an active geothermal system. 
Just beneath the active volcano, we obtained one of the most prominent features of the seismic structure, i.e., an 
elongated high Vp/Vs anomaly located beneath the northwestern part of the Cumbre Vieja. These results can be 
interpreted as magma reservoirs containing high degrees of partial melt and/or fluids. Vp azimuthal anisotropy 
in the study area is mostly governed by pervasive regional and structural characteristics, for example, running 
parallel to the APM direction of the African plate in the western part of the island and almost parallel to the 
tensional stress direction in the southwestern corner. Negative Vp radial anisotropy generally appears in the crust 
under the Cumbre Vieja volcano down to 10 km depth. This zone is probably caused by local asthenospheric 
upwelling at shallow depths, possibly associated with rift-related lithospheric extension.   

1. Introduction 

La Palma is the north-westernmost island in the Canary Islands 
(Spain), rising from the 4-km deep seafloor to a height of 2430 m above 
sea level (Fig. 1). It has been volcanically active for at least 4 Ma. The 
submarine basal complex started to form about 4 Ma ago (Staudigel and 
Schmincke, 1984). Subaerial volcanism started about 1.8 Ma ago, with 
the construction of different volcanic edifices in the northern half of the 
island: Garafía (1.7–1.2 Ma), Taburiente-Cumbre Nueva (1.2–0.4 Ma) 
and Bejenado (0.56–0.49 Ma). The Taburiente edifice has been affected 
by huge landslides and intense erosion, exposing the submarine struc-
ture at the bottom of the Taburiente caldera (Ancochea et al., 1994). The 
volcanic activity migrated southward during the late stages of 

Taburiente, culminating in Cumbre Nueva. This volcano suffered a giant 
landslide on its western flank 560 ka ago (Carracedo et al., 2001). The 
Bejenado volcano then arose through the landslide deposits, and after a 
quiescent period, volcanic activity migrated southward about 123 ka 
ago, building Cumbre Vieja. At Cumbre Vieja, the most active basaltic 
volcanic field in the Canaries (Troll and Carracedo, 2016), vents are 
mainly located in a 20 km north-south rift reaching up to 1950 m asl. 

All recent eruptions have occurred in the Cumbre Vieja volcanic 
field, including the prehistorical eruptions back to 6 ka (Troll and Car-
racedo, 2016) and the historical eruptions (Romero Ruiz, 1989). Most of 
them produced lava flows towards the west, although the eruption in 
1644 flowed eastwards. The last eruptions occurred at San Juan in 1949 
and Teneguía in 1971 (Fig. 1). San Juan involved three eruptive centers 
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and seismicity was felt years before the eruption (Romero Ruiz, 1989). 
Petrological studies revealed the occurrence of three magma-mixing 
events matching the timescales of the unrest activity (Spica et al., 
2017). The Teneguía eruption originated as a fissure near a phonolite 
dome and was also accompanied by intense seismicity (Barker et al., 
2015). 

After the 1971 Teneguia eruption, Cumbre Vieja remained fairly 
quiet for about 46 years. The only evidences of volcanic activity were 
CO2 emissions within the Taburiente caldera and some geothermal 
manifestations in the southern part of the island. In October 2017 the 
first evidence of a magmatic reactivation appeared with the renewal of 
seismic activity beneath Cumbre Vieja (Torres-Gonzalez et al., 2020), 
although previous signs of unrest have been also identified (Padrón 
et al., 2015, Fernandez et al., 2021). Seismic swarms continued until 
August 2021, with epicenters located at ~20 km depth. On September 
11, 2021 a new seismic swarm started at a depth of 10 km on the eastern 
flank of Cumbre Vieja. In the next few days, the seismicity migrated 
westward and ground deformation began to be clearly detected. On 
September 18, 2021 the depth of seismicity fell sharply, and reached a 
peak magnitude of Ml 3.1 in the morning of September 19. The eruption 
started around 14:10 UTC on the same day from a single eruptive vent 
which evolved into a fissure in a few hours. The eruption continued with 
important explosive activity until September 27, when it came to a 
temporary halt. Activity resumed in the evening of the same day with a 
dominantly effusive style. At the beginning of October, the lava reached 
the sea, causing the formation of the first lava delta. Seismic activity 
renewed with two clusters located at depths of about 10 and 20 km. This 

seismicity lasted throughout the whole eruption reaching a maximum 
magnitude of Ml 4.1. Hundreds of earthquakes were felt, with intensities 
of up to IV-V EMS (Modified Mercalli Scale). From October to December, 
the lava field widened considerably, causing extensive damage. See e.g. 
Carracedo et al., 2022 and Romero et al., 2022 for a detailed description 
and timeline of the eruption. 

In this paper, we investigate the anisotropic seismic structure under 
Cumbre Vieja volcano, making use of an anisotropic tomography 
inversion of local earthquake travel times. Seismic tomography is a 
widely used tool in volcanoes (Lees, 2007; Koulakov and Shapiro, 2015), 
since it provides insight into the three-dimensional distribution of the 
velocity structure and can help us understand the spatial characteristics 
of the magma accumulation zones and magma pathways. In La Palma, 
seismic tomography has been performed using ambient noise (Cabrera- 
Perez et al., 2021) and local earthquakes (D’Auria et al., 2022). How-
ever, anisotropy is also an important characteristic of volcanic envi-
ronments (Johnson, 2015; Chouet and Matoza, 2013). Seismic 
anisotropy is related to the state of stress, and therefore it can reveal 
subtle changes in the dynamics of volcanic systems (Gerst and Savage, 
2004, Konstantinou et al., 2013, Llsley-Kemp et al., 2018, Saade et al., 
2019). In the last years, there has been an effort to include anisotropy 
into the tomography inversion schemes (e.g. Koulakov et al., 2009, 
Mordret et al., 2015, Jiang et al., 2018, Lu et al., 2022, De Plaen et al., 
2022, Hudson et al., 2023, Perton et al., 2022). In this way, tomography 
can be performed avoiding the over-simplifying hypothesis of isotropy, 
that might introduce significant velocity artifacts that could be mis-
interpreted as compositional and/or thermal heterogeneities (Lo Bue 

Fig. 1. Map of La Palma showing the different stratigraphic units and the lava flows from Cumbre Vieja volcano (after Troll and Carracedo, 2016); the 2021 lava flow 
contour (thick line) was obtained from Civico et al. (2022). 
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et al., 2023). Our objective is to estimate the three-dimensional distri-
bution of seismic velocity and anisotropy under Cumbre Vieja volcano, 
compare this distribution with the results obtained using different 
geophysical methods, and address what consequences it may have in our 
understanding of the structure and dynamics of the Cumbre Vieja 
magma plumbing system. 

2. Data and methods 

Our study period covers twelve years of seismic activity recorded at 
La Palma island between January 2010 and February 2022, containing 
different stages of activity at the Cumbre Vieja volcano. The data used 
was from local events recorded at 20 temporary and permanent seismic 
stations in La Palma (Canary Islands, Spain) collected from the Instituto 
Geográfico Nacional (IGN, Spain). All the data are publicly accessible 
from the Data Management Center of the Incorporated Research In-
stitutions for Seismology. This seismic network provided dense, uniform 
coverage over the course of the study period, except for isolated areas in 
the northern and southern islands, where there are fewer stations. The 
interpretation of our results depends on the resolution of the isotropic 
and anisotropic images, which is directly related to the number of 
earthquakes and seismic stations as well as the seismic ray coverage in 
the modeled volume. This means that some regions have been inter-
preted in greater detail than others. 

The earthquakes were selected on the basis of the number of arrival 
times and the accuracy of the hypocenter locations as well as a local 
velocity model beneath the island. Most of the earthquakes were 
recorded at five or more seismic stations in different parts of the island. 
The investigated area covers a total of 1045 km2. The depth range is 
from 1 to 15 km. For the IGN stations, the accuracy of time picking may 
be estimated in the most favorable cases as 0.01 s. In the case of less 
impulsive arrivals and/or poor signal-to-noise ratio, the accuracy is 
degraded. All the events used in this study had magnitudes of <5.0 
mbLg. Fig. 2 shows the relationship between the P- and S-wave travel 
times of the earthquakes used in this study. The correlation coefficient 
(R2) was 0.99. 

Our entire data set contains 325,091 P-wave arrivals and 362,638 S- 
wave arrivals from 38,777 local earthquakes with an average uncer-
tainty of 1.24 km, 1.06 km and 1.27 km in latitude, longitude and focal 
depth, respectively (Table S1). 

For the initial entire data set, the average uncertainty of their origin 
times is reduced after three iterations from 0.94 s. to 0.20 s. After the 
earthquake relocation, the root-mean-square (RMS) travel-time residual 
is reduced from 0.26 s to 0.24s for P-wave arrivals and from 0.31s to 

0.30 for S-wave arrivals. Fig. 3 shows the distribution of all the events 
after the relocation process (Fig. S1 shows the distribution of all the 
events before the relocation process). 

We used a 1-D realistic velocity model of the crust and upper mantle 
for the island of La Palma, which was derived from the model developed 
by Dañobeitia (1980). This 1-D model is the same as the one used to 
obtain the catalog of hypocenters. The velocity model contains three 
layers: from 0.0 to 4.0 km (Vp = 4.2 km/s), from 4.0 to 12.0 (Vp = 6.3 
km/s) and from 12.0 to 18.0 (Vp = 7.0 km/s). Vp/Vs is set at 1.78 in the 
initial model. 

A total of nine seismic inversions were carried out (Table S1): 
isotropic inversions (Model 1) for the pre-eruptive database (first 
inversion), for the syn-post-eruptive database (second inversion) and for 
the complete database (third inversion), azimuthal anisotropic in-
versions (Model 2) for the pre-eruptive database (fourth inversion) for 
the syn-post-eruptive database (fifth inversion) and for the complete 
database (sixth inversion), and radial anisotropic inversions (Model 3) 
for the pre-eruptive database (seventh inversion) for the syn-post- 
eruptive database (eighth inversion) and for the complete database 
(ninth inversion). In each case, before conducting the inversion, we 
relocated the events of each database and estimated the uncertainties of 
the hypocentral parameters using an iterative least-squares method 
[Geiger, 1910, 1912; Zhao et al., 1992]. 

2.1. Isotropic seismic tomography 

In this study we applied the tomographic method proposed by Zhao 
et al. [1992]. Although the conceptual approach of this method parallels 
that of (Aki and Lee, 1976; Albert et al., 2016), it also incorporates some 
additional features [Zhao et al., 1992; Zhao, 2015]. The medium we 
studied is divided into layers by three velocity discontinuities. 
Three-dimensional grid nodes are arranged in every layer. Velocities at 
grid nodes are taken to be unknown parameters. The velocity at any 
point in the model is calculated by linearly interpolating the velocities at 
the eight grid nodes surrounding that point. The nonlinear tomographic 
problem is solved by iteratively conducting linear inversions until a 
convergent solution is found. We used the efficient 3-D ray tracing 
technique proposed by Zhao et al. (1992) to trace rays between hypo-
centers and seismic stations and calculate theoretical travel times and 
travel time residuals. 

The final model was parameterized by a 3-D grid with grid intervals 
of 0.02◦ (≈ 2.2 km) by 0.02◦ (≈ 2.2 km) by 2 km (latitude x longitude x 
depth). The grid interval depends on the number of rays passing through 
the model, and is therefore obtained from the results of the resolution 
tests. The minimum hit count, i.e. the number of rays passing through 
each grid node, is 10. The number of nodes is 19 in the latitude direction, 
13 in the longitude direction and 9 in depth. The total number of grid 
nodes is 2223. 

The Vp, Vs and Vp/Vs ratio may be sensitive to factors that can 
change over time before and after the volcanic eruption. This means that 
time-dependent seismic tomography may be used to reveal variations in 
the elastic properties within rock volumes. For this reason, we separately 
analyzed the pre-eruptive (4 January 2010 to 18 September 2021) and 
the syn-post-eruptive (19 September 2021 to 25 February 2022) seismic 
activity. For each dataset, we performed a seismic tomographic inver-
sion (first and second inversions) and then calculated the distribution of 
the Vp/Vs ratio. For the pre-eruptive data set, a total of 30,149 earth-
quakes with 197,071 P-arrivals and 224,615 S-arrivals were inverted, 
with a final RMS travel-time residual of 0.22 s for P and 0.26 for S ar-
rivals. Subsequently for syn-post-eruptive data, a total of 8628 earth-
quakes with 128,020 P-arrivals and 138,023 S-arrivals were inverted, 
with a final RMS travel-time residual of 0.27 s for P-wave data and 0.33 s 
for S-wave data. 

For the first dataset, we solved the inverse problem with 3514 ve-
locity parameters (1641 for Vp and 1873 for Vs) at the grid nodes with 
hit counts >10. For the second dataset, there were 2795 velocity 

Fig. 2. Relationship between the P- and S-wave travel times of the earthquakes 
used in this study. The correlation coefficient (R2) is 0.99. 
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parameters (1338 for Vp and 1457 for Vs). 
It is very important to note that the analysis of the seismic catalog 

confirmed the tendency of the seismicity to cluster in space during and 
after the eruption, which explains why more grid nodes were sampled 
before the eruption occurred. 

Later, we performed an isotropic tomographic inversion of the whole 
dataset from 4 January 2010 to 25 February 2022 to determine 3-D Vp 
and Vs images (third inversion). For the isotropic seismic tomography 
with the entire database a total of 38,777 earthquakes were inverted. We 
solved the inverse problem for 3718 velocity parameters (1754 for Vp 
and 1964 for Vs) at the grid nodes with hit counts >10. 

Some of the grid nodes are well sampled by the rays, while others are 
poorly sampled. Hence, damping regularization is required to stabilize 
the solution, whose stability is determined by comparing the data 
variance with the model variance. The damping parameter was selected 
on the basis of an empirical approach (Eberhart-Phillips, 1986). A 
number of inversions were conducted with different damping values. 
The reduction in the travel time residual was then compared to the 
variance in the solutions and a tradeoff curve was drawn between the 
two. The value selected as the damping parameter for the entire dataset 
is the one that gives the optimal residual reduction and solution variance 
(Fig. 4). According to Lin et al. (2007) decreasing the damping param-
eter could increase the resolution throughout the grid space, but the 
velocity results may be less reliable. 

We then determined the 3-D distribution of Vp/Vs for each of the 
three inversions. It is important to note that we only show results at 
nodes where we have both Vp and Vs values. 

2.2. P-wave tomography for azimuthal and radial anisotropy 

After obtaining the results of the isotropic inversion, we carried out 
the anisotropic tomographic inversions separately. In other words, we 
began by conducting an inversion for the 3-D isotropic Vp and azimuthal 
anisotropy structures, and then performed an inversion for the 3-D 
isotropic Vp and radial anisotropy structures of La Palma. First of all, 
it is important to emphasize that the azimuthal and radial anisotropic 
inversions represent two fundamentally different assumptions regarding 

the nature of anisotropy and, consequently, about how it is interpreted 
(1) the azimuthal model assumes a horizontal symmetry axis (e.g., 
vertical fracture planes) while (2) the radial model assumes a vertical 
symmetry axis (e.g., horizontal layering). The results from these two 
end-member assumptions, together with the isotropic inversions, illus-
trate the extent to which isotropic Vp heterogeneity may be counter-
balanced by anisotropic structure. Moreover, according to Zhao and Hua 
(2021), direct comparison of the azimuthal anisotropy and radial 
anisotropy models should be done carefully for the following two rea-
sons. (1) The two models are independently derived and it is unclear 
what the trade-offs are between the azimuthal and radial parameters. 
Their trade-offs may be due to a dip in the symmetry axis (i.e., apparent 
anisotropy). (2) The resulting isotropic Vp images show some 

Fig. 3. Distribution of the 38,777 earthquakes (colored dots) and 20 stations (black triangles) used in this study. The colour shows the focal depth whose scale is 
shown at the bottom. The black lines running N-S and E-W mark the locations of the vertical cross-sections on the right, which show the distribution of seismicity in 
depth. Lines A’-A, B′-B, C′-C and D′-D correspond to the cross sections of Figs. 5, 7, S7, S8 and S10. 

Fig. 4. (A) Trade-off curve between the variance of the velocity perturbation 
(in percentage) and the total RMS travel time residual (sec) for different 
damping parameters, from 1 to 500. The selected value for the final results is 
marked inside the circle, 10 for P waves and 30 for S waves. 

I. Serrano et al.                                                                                                                                                                                                                                  



Journal of Volcanology and Geothermal Research 441 (2023) 107870

5

differences, suggesting that the interplay between the isotropic and 
anisotropic structures is also unknown, partly due to the imperfect ray 
coverage (e.g., Hsin-Hua and Huang, 2015). In the isotropic inversion, 
the effects of azimuthal and radial anisotropic models are mapped into 
the isotropic Vp image. The inhomogeneity of the angular coverage of 
the ray paths may produce an apparent anisotropy (Ishise et al., 2012). 
In the azimuthal and radial inversions, the contributions of seismic 
anisotropy to the travel-time residuals are separated, at least partially, 
from the isotropic Vp image. As a result, the three isotropic Vp models 
display some differences in the amplitude and spatial extent of Vp 
anomalies. These differences in the isotropic Vp image may reflect the 
greater effect of seismic anisotropy on the structure of the study area. 

According to Anderson (1989), the most obvious manifestations of 
seismic anisotropy in the crust and upper mantle of the Earth are: shear- 
wave birefringence -the two polarizations of S-waves arrive at different 
times-, azimuthal anisotropy -the arrival times, or apparent velocities of 
seismic waves at a given distance from an event, depend on the azimuth- 
, and finally, an apparent discrepancy between Love and Rayleigh 
waves. He pointed out that seismic velocity variations due to anisotropy 
are potentially much greater than those due to other effects such as 
composition and temperature. Hence, it is important to understand 
anisotropy well before attempting to infer chemical, mineralogical and 
temperature variations from seismic data. A change in the preferred 
orientation with depth or from one tectonic region to another can be 
easily misinterpreted. These theoretical considerations are perfectly 
applicable to volcanic environments, for example, any overpressured 
magma storage reservoir, be it a system of dikes, sills, conduits, spherical 
chambers, or a combination of these, will exert a stress on the sur-
rounding country rock that may or may not manifest itself as observable 
strain (Johnson, 2015). One indicator of stress change in the crust 
around a volcano is the occurrence of volcano-tectonic earthquakes. 
Changes in the stress field may trigger more volcano-tectonic events, the 
detection of which is one of the most successful seismic volcano moni-
toring tools. 

Hearn (1996) developed a method to simultaneously solve for 2-D 
velocity and azimuthal anisotropy from Pn travel time residuals and 
applied it to the western United States. Eberhart-Phillips and Henderson 
(2004) developed a method that extends Hearn’s (1996) technique, by 
implementing azimuthal anisotropy in a simultaneous inversion for 3-D 
seismic velocity and hypocenters. They added two anisotropic parame-
ters at each velocity node, applying the following equation (Backus, 
1965; Raitt et al., 1969) for characterizing weak azimuthal anisotropy 
for P waves: 

S(∅) = S0 +Acos(2∅)+Bsin(2∅) (1)  

where S is the anisotropic slowness, S0 is the azimuthal average slowness 
(i.e. isotropic component), ϕ is the ray path azimuth and A and B are 
anisotropy parameters. The fast velocity direction (FVD, or anisotropic 
azimuth) is expressed as follows: 

ψ =
1
2

tan− 1
(

B
A

)

+

{
π/2,A > 0

0,A < 0 

The magnitude of the anisotropy can be described in terms of the A 
and B values shown in eq. (1) or in terms of the fast direction and the 
total anisotropy, M, or the percentage of anisotropy, α. 

M =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A2 + B2

√

α =
Vf − Vs

V0
=

2M
S0 − M2

/
S0  

where Vf and Vs are the velocities in the fast and slow directions. 
Fracture-induced anisotropy has a slow symmetry axis, making the 

assumption of a fast symmetry axis inappropriate in this case. 
Following this approach, we applied the tomographic method for Vp 

azimuthal anisotropy (Wang and Zhao, 2008, 2013) that was developed 

from the isotropic tomography method proposed by Zhao et al. (1992). 
This anisotropy method is similar to that of Eberhart-Phillips and Hen-
derson (2004), but it can deal with complex geometries of velocity 
discontinuities such as the Conrad and Moho discontinuities in the study 
volume. A horizontal hexagonal symmetry in the modeling space is 
assumed and two anisotropic parameters (A and B) at each grid node are 
considered in addition to the isotropic Vp parameter. 

In line with Ishise et al. (2012), in Vp radial anisotropy tomography, 
we assumed that the symmetry axis was vertical and estimated both the 
anisotropic strength and the 3-D isotropic velocity structure. The un-
known parameters were isotropic Vp perturbation and a dimensionless 
parameter to describe the anisotropic strength. It should be noted that 
the hexagonal symmetry considered here corresponds to that with the 
elliptic condition (Kawakatsu, 2016; Thomsen, 1986). In this study, we 
applied the code developed by Wang and Zhao (2013) to determine the 
3-D Vp radial anisotropy of the study region. 

To this end, we set up a 3-D grid with a lateral grid interval of 0.03◦

and a vertical grid interval of 2 km to express the 3-D azimuthal and 
radial anisotropy (from fourth to ninth inversions), because seismic 
anisotropic tomography needs better ray coverage and crisscrossing 
than isotropic tomography. We used the same initial velocity model, 
smoothing and damping and the same amount of seismic rays as for the 
isotropic tomography. The dependency of the variance reduction on the 
damping factor is similar for the different inversions. For P waves we 
solved the azimuthal inverse problem for 610, 262 and 462 velocity 
parameters (fourth, fifth and sixth inversions respectively, Table S1) and 
the radial inverse problem for 519, 197 and 353 velocity parameters 
(seventh, eighth and ninth inversions respectively), at the grid nodes 
with hit counts >10. 

In the same way as in isotropic inversions, it is important to take into 
account the tendency of seismicity to cluster in space during and after 
the eruption, which explains why more grid nodes were sampled before 
the eruption occurred. 

3. Resolution tests 

The first step was to analyze the seismic rays crossing the whole area 
with the complete dataset to obtain an indication of the resolution in the 
study area. Zones with many crossing rays are better sampled than zones 
that contain just a few. Fig. S2 shows, for the isotropic P inversion, the 
distribution of the number of P-wave rays passing near each grid node, 
the “hit counts” for the eight layers. We can see that the coverage is good 
down to 15 km depth in the central and southern parts of the island, 
where the highest hit count was observed. The absence of seismic sta-
tions in the northern part of the island results in very poor control of its 
velocity structure. 

To examine the resolution scale of the data set, we carried out a 
checkerboard resolution test (CRT), the test normally used to assess 
resolution in tomographic inversions. One direct way to evaluate the 
resolution of a tomographic result is to calculate the set of travel time 
delays that result from tracing the corresponding rays through a syn-
thetic structure, and then compare the inversion result with the initial 
synthetic structure (Zhao et al., 1992). In the synthetic tests, the 
numbers of stations, events, and ray paths are the same as those in the 
real data set. In this study we conducted a kind of resolution test to 
assess the adequacy of the ray coverage and evaluate the resolution. The 
checkerboard resolution test can be viewed as a special form of synthetic 
test. The only difference between them is in the input model (Fig. S3). To 
make a checkerboard, positive and negative 6% velocity perturbations 
are assigned to the 3-D grid nodes arranged in the modeling space. In 
this study, many such tests were performed by adopting different grid 
intervals. We found that the optimal grid interval for the tomographic 
inversion of our data set was 0.02◦ x 0.02◦ in the horizontal directions. 
In this optimal model we set the grid nodes at depths of 1, 3, 5, 7, 9, 11, 
13, 15 and 18 km. The grid interval in the crust was determined by the 
seismic distribution in the area and the fact that the majority of 
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earthquakes are shallow. The images in Figs. S4 and S5 show the results 
of the resolution tests for P and S waves for eight layers up to 15 km 
depth from the complete data set. The shallower parts of the study area 
have a higher resolution because the local rays crisscross well in the 
uppermost crust. 

We also performed CRTs to test the results obtained by Vp azimuthal 
and radial anisotropic tomography. In the input model for the CRTs used 
for azimuthal anisotropy tomography, the FVDs at two adjacent grid 
nodes are perpendicular to each other (22.5◦ and 112.5◦) with an 
anisotropic amplitude of 5.0% (Fig. S6). The red and blue bars indicate 
the input and output FVDs of Vp azimuthal anisotropy, whose length 
indicates the anisotropic amplitude. Random errors in a normal distri-
bution with a standard deviation of 0.1 s were added to the theoretical 
arrival times calculated for the CRT input model. 

The results of the CRTs for Vp radial anisotropy tomography are 
presented in twelve vertical cross-sections for the three subsets of 
earthquakes in Fig. S7. This figure corresponds to three independent 
CRTs for three data subsets: first column, for the time period before the 
start of eruption (seventh inversion), second column, for the data ob-
tained during and after the eruption (eighth inversion) and third col-
umn, for the complete database (ninth inversion). In the input model for 

the CRT for Vp radial anisotropy (RAN), 5.0% positive and negative 
RANs were alternatively assigned to the adjacent grid nodes. The thin 
red bars show the RANs in the input model, while the blue bars indicate 
the RANs recovered after the tomographic inversion. Random errors in a 
normal distribution with a standard deviation of 0.1 s were added to the 
theoretical arrival times calculated for the CRT input model. 

4. Results 

Model 1, isotropic tomography, has Vp, Vs and therefore Vp/Vs data. 
We have much more data and therefore more results than in Model 2 and 
Model 3 and can make a much more extensive interpretation than with 
the other two models. Model 1 has the best spatial resolution of the three 
models: 0.02◦ x 0.02◦ x 2 km (latitude x longitude x depth) and in some 
ways it is the most reliable. Model 2, azimuthal anisotropy, only has Vp 
data, so offering less data than in Model 1 and making our interpretation 
more limited. In addition, more data is needed to calculate the azimuthal 
anisotropy, and the grid spacing must be larger. As a result, it has a lower 
resolution than the previous model: 0.03◦ x 0.03◦ x 2 km (latitude x 
longitude x depth). For Model 3, radial anisotropy, something similar to 
Model 2 occurs, we have less data and the resolution is lower than for 

Fig. 5. S-N vertical cross-sections of Vp tomography at depths of 1–15 km (shown by letters A-A’, B-B′, C-C′ and D-D′ in Fig. 3). Red and blue colors indicate slow and 
fast velocities, respectively. The red triangle indicates the active volcano. Earthquakes within a 5-km width from the cross-section are shown with black dots. The 
velocity perturbation scale is shown at the bottom. This figure corresponds to three independent inversions for three data subsets: first column (a, d, g and j), for the 
time period before the start of the eruption (first inversion), second column (b, e, h and k), for data obtained during and after the eruption (second inversion) and 
third column (c, f, i and l), for the complete database (third inversion). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Model 1. 
All our tomographic models show strong inhomogeneities in the 

crust beneath the study region, as expected in a volcanically active re-
gion. First, we focus on the results obtained from the inversion for the 
isotropic Vp and Vs structure and hypocenter relocation in the study 
area to 15 km depth. From these results we obtained the 3-D Vp/Vs ratio 
distribution. Given the good resolution obtained in the central and 
southern parts of the island, we will mainly be discussing the features 
revealed in these areas. However, it should be noted that anisotropy was 
only considered for P-waves and that P- and S-waves have different 
sensitivities to anisotropic structure, which could bias the estimated Vp/ 
Vs ratios. 

Fig. 5 shows twelve vertical cross-sections of Vp perturbations (in 
percentage) in the S-N profiles (A-A’, B-B′ etc.) in Fig. 3, including the 
background seismicity (black dots) within ±5 km distance of the profile 
line. Blue and red colors indicate fast and slow velocities, respectively. 
The Vp perturbation is from the mean value of the inverted velocity at 
each layer. The Vp perturbation scale is shown at the bottom of the 
figure. This figure corresponds to three independent inversions for three 
data subsets, as in Fig. S6: first column (before the start of the eruption), 
second column (during and after the eruption) and third column 
(complete database). Fig. S8 is the same as Fig. 5 but for Vs tomography. 

It is important to note that most of the events from our database 
occurred during the main period of unrest. These models therefore 
represent the state of the volcano just before the start, during and after 
the eruption. It is important to bear in mind that the number of seismic 
stations was increased in the weeks immediately prior to the beginning 

of the eruption, and that this may have distorted the results slightly 
because more data was available than in previous months. In Fig. 6 we 
can see Vp perturbations at the eight depth layers from the complete 
database (before and after the eruption). The depth of the layer is shown 
in the bottom-left corner of each map. The black line shows the coast 
line. Again Fig. S9 is the same as Fig. 6 but for Vs tomography. 

In relation to the 1-D model, velocity anomalies range from − 6.89% 
to +7.0% for P-waves and from − 7.62% to +7.54% for S-waves for 95% 
of the 2223 nodes in the studied volume. 

In the shallowest layers, a strong high-Vp anomaly can be seen under 
the Taburiente caldera. This anomaly, located in the northwestern part 
of the study area, is robustly sampled in all time periods and can be seen 
in all horizontal and vertical sections. In the southern half of the island, 
from 1 to 3 km depth, strong low-Vp anomalies aligned in a north-south 
direction are obtained. 

From the results of the first cluster of earthquakes, before the erup-
tion (first inversion), the velocity anomalies range from − 4.99% to 
+4.07% for Vp and from − 3.42% to +3.63% for Vs for 95% of the nodes 
in the study volume. From the second cluster of earthquakes (second 
inversion), during and after the eruption, the velocity anomalies range 
from − 6.35% to +7.05% for P-waves and from − 6.29% to +6.94% for S- 
waves for 95% of the nodes in the study volume. Fig. 5 shows big dif-
ferences in seismic velocity around the volcano region: in the A-A’ cross- 
sections (a and b images) a dramatic change in Vp from high to low 
values before and after eruption is obtained in the same area down to 5 
km depth. However, under the volcano, the B-B′ cross-sections (d and e 
images) show low velocities from the first cluster and high velocities 

Fig. 6. Fractional Vp perturbations (in percentage) at eight depth layers obtained from the complete database. The Vp perturbation is from the mean value of the 
inverted velocity at each depth. Red and blue colors indicate slow and fast velocities, respectively. The Vp perturbation scale is shown at the bottom. The black line 
marks the coast line of La Palma. The black dots are the grid nodes in every layer. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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from the second. In any case it is clear from the second and third clusters 
(third inversion) that the Cumbre Vieja volcano is situated in a high-V 
anomaly surrounded by low-V anomalies to 5 km depth. In this same 
area in the southern part of the island, the results for Vs are similar near 
the volcano. 

The resulting distributions of the Vp/Vs ratio are presented in twelve 
vertical cross-sections for the three subsets of earthquakes in Fig. 7, as 
also in Fig. 5. The location of the profiles is shown in Fig. 3, including the 
background seismicity (black dots) within 5 km distance of the profile 
lines. We only calculated the Vp/Vs ratio for the nodes for which we had 
both Vp and Vs results. As a result, we only show the nodes with hit 
counts of >10 (for both P- and S-waves) because these results are 
considered sufficiently robust. On the basis of these assumptions, we 
obtained results in 1517 nodes of the modeled volume. In 95% of these 
nodes the ratio values were between 1.63 and 1.92 for the complete 
database (third inversion). For the pre-eruption cluster, we obtained 
results in 1430 nodes. In 95% of these nodes the Vp/Vs ratios were 
between 1.68% and 1.86%. For the syn-post-eruption cluster, we ob-
tained 1150 nodes, in 95% of which the Vp/Vs ratios were between 1.63 
and 1.93. 

Vp/Vs images are more difficult to interpret than Vp and Vs images, 
but some meaningful features can be identified. From the second and 
third inversion results, the A-A’ and B-B′ vertical sections (b, c, e and f 

images in Fig. 7) demonstrated a prominent anomaly in the high Vp/Vs 
ratio in the shallower layers, which reached a value of >2.0 concen-
trated beneath the northwestern part of the Cumbre Vieja volcano. This 
high Vp/Vs ratio is clearly visible at 1 and 3 km depth in Fig. 8, which 
shows the results for individual layers, and it disappears at a depth of 
about 5 km. This anomaly in the Vp/Vs ratio was not obtained before the 
beginning of eruption (first inversion). 

From C-C′ and D-D′ vertical cross-sections in Figs. 5 and 7 (h, i, k and l 
images), a finger-shaped anomaly in the second and third clusters of 
data can be observed dipping to the south with a high-Vp and a low Vp/ 
Vs ratio. This anomaly is surrounded by low Vp. Vs is not high either. 

Fig. 9 shows map views of the Vp azimuthal anisotropy tomography 
at eight layers in the crust under the study area (Table S1, sixth inver-
sion). The azimuth and length of each bar represent the Vp FVD and 
anisotropy amplitude, respectively. We performed anisotropic seismic 
inversion for the P waves. Our results led us to conclude that similar Vp 
structures were obtained in both the anisotropic and isotropic in-
versions, which suggests that the simultaneous inversion of the average 
velocity and anisotropic parameters conducted here does not affect the 
recovery of velocity heterogeneity. In addition, no significant differ-
ences were observed in the results from the first and second clusters of 
data. We therefore decided to examine the FVDs arising from the com-
plete data set. The amplitude of the Vp azimuthal anisotropy is <4.59% 

Fig. 7. Distributions of the Vp/Vs ratio in twelve vertical cross sections for the three subsets of earthquakes similar to Fig. 5. Locations of the profiles are shown in 
Fig. 3, including the background seismicity (black dots) within a 5-km width of each profile. The Vp/Vs ratio was only calculated for those nodes where we have both 
Vp and Vs results. As a result, we only show the nodes with hit counts of >10 (for both P- and S-waves) because these results are considered sufficiently robust. The 
scale is shown at the bottom. Blue and red colors indicate low and high Vp/Vs ratios, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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in the study area for 95% of the total nodes. Our results in the central 
western part of the study area show that the FVD is mostly E-W from 1 to 
3 km depth and nearly NE-SW from 9 to 15 km depth. However, the 
FVDs revealed on the eastern flank of the ridge exhibit mainly NW-SE 
directions from 9 to 11 km depth and turn E-W in the deepest layers. 
In short, it is important to note, from 9 to 15 km depth, the significant 
shift in direction around the axis of the Cumbre Vieja rift from NE-SW to 
NW-SE/E-W from west to east in the southern half of the island. 

Fig. S10 shows twelve south–north vertical cross-sections of Vp 
radial anisotropy tomography under La Palma (Table S1, seventh, eighth 
and ninth inversions). For these seismic inversions, we again used the 
three clusters of earthquakes (before, syn-post eruption and complete 
database). The method proposed by Wang and Zhao (2013) used in this 
study assumes that the properties of radial anisotropy for P-wave are 
similar to those for S-wave. Similar to the use of the Vsh/Vsv ratio in 
surface-wave tomography (e.g. Nettles and Dziewoński, 2008; Fichtner, 
2010; Yuan et al., 2011), in this study we use the Vph/Vpv ratio to express 
P-wave radial anisotropy (RAN). From the complete set of data, negative 
RAN (vertical bars) generally appears in the crust under the Cumbre 
Vieja volcano to 10 km depth and in the southern part of the island at 
almost any depth. Positive RANs (horizontal bars) are revealed from 10 
to 15 km depth below the volcano. The amplitude of Vp RAN in the study 
area is <5.15% for 95% of the total nodes. Without forgetting the lower 
resolution obtained for the first cluster, there is a clear shift between the 
first and second clusters from positive to negative RAN under the vol-
cano from 5 to 13 km (Fig. S10 Images d, e, g and h). 

5. Discussion and conclusions 

The study area has a long history of volcanism and geothermal ac-
tivity. This means that anomalies in seismic velocities may be related to 
changes in lithology, the properties of the rocks, gas content and fluid 
distribution in the crust. They are also influenced by variations in 
pressure, temperature, saturation, porosity, etc. 

The strong high-Vp anomaly under the Taburiente caldera coinciding 
with the resistive body (> 103 Ω⋅m) obtained by Di Paolo et al. (2020, 
Fig. S11) can be interpreted as the oldest basal complex. Klügel et al. 
(2005) and Galipp et al. (2006) interpreted this body as a Pliocene 
seamount and plutonic intrusions. In addition, based on InSAR and GPS 
observation techniques, Prieto et al. (2009) concluded that the main 
structural feature of the island was a large central body with high den-
sity, which was interpreted as an uplifted seamount from the Pliocene 
and a relatively dense intrusive plutonic complex/magma body. 
Simultaneously, Camacho et al. (2009) used 3-D gravity inversion to 
show that the main anomalous structure detected in La Palma is the 
central extended density maximum, which corresponds to the intrusive 
plutonic part of the basal complex outcropping under the Taburiente 
Caldera. We detected a smaller N-S elongated positive anomaly in the 
south in accordance with the results obtained by Prieto et al. (2009). 
D’Auria et al. (2022) conducted a seismic tomography for local earth-
quakes in the same area that we studied. It is difficult to compare our 
results with theirs due to the different approaches (in terms of grid 
space, resolution, methodology and objectives proposed), however it is 

Fig. 8. Map views of the Vp/Vs ratio at eight depth layers derived from the complete data set. The scale is shown at the bottom. Blue and red colors indicate low and 
high Vp/Vs ratios, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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interesting to note the wide low P-velocity area that they obtained from 
surface layers to 7–8 km depth in the southern part of Cumbre Vieja, 
which roughly coincides with our results (for a better comparison it 
should be noted that our cross sections were orientated S-N while those 
used by D’Auria et al. (2022) were N-S). 

At shallower layers in the southern half of the island, the strong 
negative anomalies in the N-S direction occupy the same relative posi-
tion as in the results revealed by Camacho et al. (2009), who associated 
low-density areas, obtained from a gravity survey, with zones with 
shallow fractures that could be associated with the N-S rift structure in 
Cumbre Vieja. From 2 to 4 km depths, Di Paolo et al. (2020) obtained 
two low-resistivity anomalies in the N-S direction; our results indicate 
that both anomalies are coincident with two negative seismic anomalies 
to 3 km depth. Usually a significant fault gouge and/or fracturing with 
contained fluids show low seismic velocity and low resistivity. In our 
case, both the electrical and the seismic anomalies around the Cumbre 
Vieja volcanic ridge could indicate the presence of an active geothermal 
system. Identified a shallow localized region (< 3 km) of hydrothermal 
alteration, although the results are difficult to compare due to the 
different resolutions of the models. 

The most interesting result of the inversions for the three datasets is a 
dramatic change in P-wave seismic velocity, from positive to negative 
values before and after the eruption in the same area up to 5 km depth 
(Fig. 5, Images a and b). However, just beneath the active volcano 
(Images d and e), low velocities are obtained at 1 km depth from the first 
cluster and high velocities from the second cluster. From 1 to 3 km 
depths (Fig. 8) we obtained one of the most prominent features of the 

seismic structure: an elongated Vp/Vs anomaly located beneath the 
northwestern part of the Cumbre Vieja volcano. We can see high-Vp and 
low-Vs anomalies that result in very high Vp/Vs ratios of up to 2.2. 
Unfortunately, we do not have sufficient resolution to compare the 
evolution of the Vp/Vs ratio before and after the eruption with the 
changes in Vp due to the increase in shallow seismicity just a few days 
before the eruption. According to Husen et al. (2000), Vp/Vs is directly 
related to the Poisson’s ratio, which means it is uniquely placed to infer 
the lithology of rocks. It is also a robust indicator of composition 
(Christensen, 1996), melt (Walsh, 1968, 1969) and crack distribution 
(Collier and Singh, 1998), and of the composition and microstructure of 
magma bodies. Koulakov et al. (2011) suggested that Vp is more sensi-
tive to composition, and that higher Vp values may be an indicator of 
rocks that came from greater depths. At the same time, very low S-ve-
locity values indicate a high fluids content and partial melting. Kasat-
kina et al. (2014) presented tomographic models where prominent 
anomalies with extremely high Vp/Vs ratios (up to 2.4) can be inter-
preted as magma reservoirs containing high levels of partial melt and/or 
fluids. 

About 88% of the seismic events occur at depths of 6 to 15 km where 
a finger-shaped anomaly can be observed in the second and third clus-
ters of data dipping to the south with high Vp and Vs values at similar 
depths (Figs. 5 and S8 Cross-sections B-B′, C-C′ and D-D′). This anomaly is 
surrounded by low-Vp zones. Fig. 7 shows a low Vp/Vs ratio in the same 
area. As mentioned earlier, numerous studies indicate that high Vp/Vs 
ratios in volcanic areas mark the paths taken by fluids and melts that 
ascend from the deep magma source, although we did not obtain these 

Fig. 9. Map views of Vp azimuthal anisotropy tomography. The layer depth is shown in the bottom-left corner of each map. The red and blue colors indicate low and 
high isotropic velocities, respectively. The orientation and length of the short black bars indicate the fast-velocity direction (FVD) and the anisotropic amplitude, 
respectively. The anisotropic amplitude scale is shown at the bottom. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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results at these depths. According to Kasatkina et al. (2014), during an 
eruption a large portion of fluids and melts from the deep conduit 
migrate upward and cause fluid saturation within the summit and a 
deficit of liquids in deeper parts. This might explain the low Vp/Vs ratios 
in Cumbre Vieja, however, we should be very careful when making this 
assertion, in that in the deepest region of our model the resolution is very 
low before the eruption, although it improves considerably during and 
after it. We also found, in line with Koulakov et al. (2013), that in the 
relaxation period following the eruption, the Vp/Vs values were 
generally low and no strongly anomalous zones could be observed in the 
crust. 

The central-western part of the study area shows that the FVD is 
mostly E-W from 1 to 3 km depth and nearly NE-SW from 9 to 15 km 
depth. Martinez-Arevalo et al. (2013), using Ps receiver functions, esti-
mated that the Moho varies in depth from 11.5 to 12.5 km beneath La 
Palma Island. That is, our results just beneath the crust are consistent 
with the Nubia plate azimuth from the NUVEL-1A model (46.7 ± 0.95◦

E) that runs parallel to the absolute plate motion (APM) direction of the 
African plate. Similar results were obtained by Arnoso et al. (2020) and 
Martín et al. (2014). Also according to Schlaphorst et al. (2023), many 
sectors in Madeira Island and the western younger Canary Islands (El 
Hierro, La Palma, La Gomera and Tenerife) show an FPD close to the 
present-day mantle flow direction. According to Mainprice (2007), from 
the earliest observations, it was clear that the anisotropy in the upper 
mantle was caused by the crystal preferred orientation (CPO) of olivine 
crystal induced by plastic deformation related to mantle flow processes 
at the geodynamic or plate tectonic scale. The major cause of seismic 
anisotropy in the upper mantle is the CPO caused by plastic deformation. 
This means that the anisotropy near the surface can be attributed to the 
aligned cracks, while that in the lower crust and upper mantle reflects 
the lattice-preferred orientation (LPO) of minerals (Mainprice, 2007, 
Karato et al., 2008). 

However, we should bear in mind that there is only one permanent 
GNSS (Global Navigation Satellite System) station on the island, situated 
in the western part. The FVDs revealed on the eastern flank of the 
Cumbre Vieja ridge exhibit mainly NW-SE directions from 9 to 11 km 
depth and turn to E-W in the deepest layers. It is worth noting that from 
9 to 15 km depth, there is a significant rotation in the FVD around the 
Cumbre Vieja axis rift from NE-SW to NW-SE/E-W from west to east in 
the southern half of the island. The NW-SE/E-W trending fast directions 
of azimuthal anisotropy are nearly parallel to the extension direction of 
the rift on the eastern side and similar features have also been observed 
in other rift regions which show fast azimuths parallel to the extension 
direction (Vinnik et al., 1992; Gao et al., 1997). As the fast direction 
should in fact be normal to the extension direction, this topic will have to 
be studied in greater depth in future research, now that we have a large 
number of seismic stations on the island and will be able to obtain a 
better resolution. It is difficult to establish a direct link between the 
FVDs in the crust and the tectonic stress or surface geology, and the 
anisotropic patterns we obtained are more likely due to a combination of 
various different mechanisms. In addition, the anisotropy in the crust 
due to aligned fractures usually changes a great deal over very short 
distances (e.g., Huang et al., 2011b). 

Using teleseismic and local shear-wave splitting (SWS) measure-
ments, Schlaphorst et al. (2020, 2022) obtained results with important 
variations in La Palma, although two general patterns could be 
observed: in the northeast they were close to general plate motion (46.7◦

E), while in the south of the island they displayed a northwest-southeast 
direction. All in all, they obtained 26 results for La Palma from 8 sta-
tions. In research over the period 2006–2010 using geodetic techniques 
such as Global Navigation Satellite System (GNSS), Advanced Differ-
ential Synthetic Aperture Radar Interferometry (A-DInSAR) and micro-
gravimetry, Escayo et al. (2020) found that, although there were no 
significant associated variations in gravity, there was a clear surface 
deformation that varied over time and space. 

According to Johnson (2015), crustal SWS in volcanic regions is 

assumed to be completely due to microcracks aligned with the maximum 
horizontal compressive stress produced by magma pressure and move-
ment. Under this assumption, the fast anisotropy directions would be 
radial to overpressurized magma reservoirs and tangential to under-
pressurized magma reservoirs. At times when the pressure of the 
magmatic system is lower and the volcano is deflating, the maximum 
horizontal compressive stress may rotate to be tangential to the center of 
deformation, and other factors such as aligned fractures in fault zones 
may assume the dominant role in determining the anisotropy directions. 
Our results suggest that the anisotropy is mostly governed by pervasive 
regional and structural characteristics, for example, parallel to the APM 
direction of the African plate in the western part and almost parallel to 
the tensional stress direction in the southwestern corner of the island. 
The FVD distribution might not be correlated with volcanic activity, 
although the radial anisotropy may be strongly affected. 

From our complete data set, negative RAN (i.e. vertical velocity >
horizontal velocity) generally appears in the crust under the Cumbre 
Vieja volcano to 10 km depth and in the southern part of the island at 
almost any depth. This negative RAN is revealed in the low-V zones 
although it also appears in high-V areas. This zone is probably caused by 
local asthenospheric upwelling at shallow depths possibly associated 
with rift-related lithospheric extension or vertical fracture planes which 
could also generate negative RAN. Positive RAN (i.e. horizontal velocity 
> vertical velocity) associated to low-V is revealed from 10 to 15 km 
depth below the Cumbre Vieja volcano. There is a clear change from 
positive to negative RAN between the first and second cluster below the 
volcano from 5 to 13 km, although the low resolution of the model does 
not allow us to reach definitive conclusions. Our complete inversion 
results do not seem to show a close connection between the isotropic 
velocity variation and RAN. 
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