
1.  Introduction
Subduction driven processes in Costa Rica led to the development of volcanism, forming the active Central 
Costa Rican Volcanic Front (CCRVF). Located at the southernmost tip of the CCRVF is the active twin volcanic 
system, the Irazú-Turrialba Volcanic Complex (ITVC), 50 km north-east from Costa Rica's capital city, San Jose 
(Figure 1). The summits of each volcano are 10 km apart and form a complex that is about 60 km by 45 km at 
the base. To better understand these magmatic and tectonic domains, establishing the crustal structures beneath 
volcanic systems provides vital information into the implications of volcanism in Costa Rica.

Despite being geographically close, the Irazú and Turrialba volcanoes undergo different eruptive cycles. This 
may partially be explained by the complex magmatic interactions between different reservoirs at depth as high-
lighted by geochemical and petrological data (Alvarado et al., 2006; DeVitre et al., 2019). Alvarado et al. (2006) 
suggest that Irazú is fed by two distinct magmatic reservoirs evolving in parallel and occasionally mixing. The 

Abstract  The Central America Volcanic Arc runs from Guatemala to Panama, locally interrupted 
in Costa Rica after the twin-system Irazú-Turrialba Volcanic Complex, at the onset of the Talamanca 
Cordillera. A marked geological discontinuity characterizes the transition between the volcanic arc and this 
continental mountain range. To shed light on the spatial and structural relationships between active tectonics 
and volcanism, we deployed a temporary network consisting of 20 broadband seismic stations around the 
Irazú-Turrialba Volcanic Complex that integrated the national seismic networks maintained by Costa Rican 
institutes. From the seismic records, we extract cross-correlation functions and Rayleigh wave group-velocity 
dispersion curves to perform two ambient noise tomographies at a regional and local scale. From this, we derive 
two models that point out the magmatic and tectonic features of the southern part of the Central American 
Volcanic Arc and of the Irazú-Turrialba Volcanic Complex. The regional-scale tomographic inversion suggests 
that such a volcanic complex shares a common reservoir at about 5–7 km depth that is fed by a sub-vertical 
region, departing from at least 12 km depth. From here magmas appear to be transported upwards and stored in 
separate reservoirs below each volcanic edifice. Our study establishes an improved understanding of the spatial 
relationship between tectonic features and distribution of magmatic reservoirs underpinning the plumbing 
system of the Irazú-Turrialba volcanic complex.

Plain Language Summary  The line of volcanoes running from Guatemala to Panama are 
interrupted briefly in Costa Rica at the two volcanoes, Irazú and Turrialba. Here is a transition point between 
the volcanoes and the Talamanca mountain range. We installed a series of instruments that measure ground 
motion, around Irazú and Turrialba volcanoes. We supplemented this with other stations belonging to Costa 
Rican monitoring institutes. From the data, we observe how energy travels through the ground in the form of 
ambient noise, produced by natural and anthropogenic sources. This noise changes when traveling through 
subsurface features such as magma or fractures in the rock. We create images of the subsurface of Central 
Costa Rica and the Irazú and Turrialba volcanoes. We find large volumes of semi-liquid rock, possibly magma, 
surrounded by solid rock, beneath the volcanoes. Using the installed instruments, we improve the image 
resolution of the Irazú and Turrialba volcanoes beneath the ground. We also find features that correspond with 
large-scale ground/crustal deformation.
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main reservoir from which the mineral phases crystalize is proposed to be at about 12–15 km depth (Alvarado 
et al., 2006). This is supported by petrological data, suggesting andesitic magma is stored in a plumbing system 
at ∼13 km depth (Di Piazza et al., 2019), although such reservoirs are often perturbed by injections of deeper 
basaltic magmas (Alvarado et al., 2006). The plumbing system of Turrialba appears to be of similar complexity. 
DeVitre et al. (2019) highlight that the system is fed by multiple magmatic sources, with mixing between the 
back-arc and arc magmas believed to take place in the lower crust. In the shallower crust, mixing occurs within 
local andesitic reservoirs, differentiating over time (Alvarado et al., 2006).

Due to the two volcanoes varying in their magmatic composition (Benjamin et al., 2007; de Moor et al., 2016; 
Di Piazza et al., 2015), a difference in their respective eruptive activities is also observed (Di Piazza et al., 2015). 
Over recent years after more than 140 yr of dormancy, Turrialba went into unrest in 2010. The activity consisted 
of increased degassing, variations in fumarolic gas chemistry and seismic swarms (Campion et al., 2012; de Moor 
et al., 2016; Martini et al., 2010; Vaselli et al., 2010). Since 2016, however, eruptions have consisted of persis-
tent ash emissions and regular, yet small, explosions. Irazú has a suggested volcanic cycle of about 200–400 yr 
(Alvarado et al., 2006) and appears to have been in a period of quiescence for about 50 yr (Epiard et al., 2017). 
The earliest reported eruptive activity at Irazú was marked by strombolian explosions at the beginning of its 
volcanic cycle, followed by phreatomagmatic explosions (Alvarado et al., 2006). Geological investigations of 
Costa Rican volcanism are well established and useful in producing an interpretation of the subsurface. Producing 
a distinct visual representation of magmatic features such as reservoirs or conduits beneath the visible surface 
expressions of volcanoes can be achieved through geophysical methods. They provide important and novel find-
ings pertaining to the inner-workings of these complex crustal systems.

Previous passive seismic experiments in Costa Rica include studies of the Central Costa Rican Pacific subduction 
margin (Arroyo et al., 2009; Dinc et al., 2010; Husen et al., 2003), and also of the crustal structure within Central 
Costa Rica (Dzierma et al., 2010; Villegas Alvarez et al., 2019; Z. Yao et al., 1999). Active seismic experiments 
investigated the crustal structure across the CCRVF (Hayes et al., 2013). Unfortunately, detailed local earthquake 
tomographies have been hindered by the lack of homogeneously distributed seismic events that principally occur 
along the subduction interface. This led to the use of ambient noise tomography (ANT) to study large-scale 
crustal features in the region (Harmon et al., 2013; Nuñez et al., 2020). Nuñez et al. (2020) presented a regional 
scale, shear-wave velocity model of the shallow crust beneath Costa Rica. The study indicated large variability 
of shear-wave speeds within the crust, attributing it to the presence of deformation, fluid release and hydration 
along the volcanic arc in regions of recent eruptivity. The advantage of ANT is that it removes the reliance on 
earthquake sources, and can be applied in almost any location with an established and well-spread broadband 
seismic network (Macquet et al., 2014; Nicolson et al., 2012). Recent investigations have shown that ANT has 
become a widely used method in imaging earth subsurface structures across regional (Gao & Shen, 2015; Green 
et al., 2020; Nuñez et al., 2020; Shapiro et al., 2005) and local scales (Lin et al., 2013; Mordret et al., 2013). 
More importantly efforts have been made to determine smaller-scale structures within complex, heterogene-
ous, volcanic environments (Benediktsdóttir et al., 2017; Brenguier et al., 2007; Jeddi et al., 2017; Koulakov 
et  al.,  2014; Stankiewicz et  al.,  2010), making its application for investigating the volcanic environments of 
CCRVF and ITVC rather suited. Recent studies have shown the efficacy of ANT in highlighting magmatic and 
intrusive bodies as well as crustal-scale structures such as sedimentary basins and geologic lineament (Fallahi 
et al., 2017; González-Vidal et al., 2018; Planès et al., 2020). Special caution must be taken when using ANT, 
with the requirements of prior knowledge including initial reference velocity models, needed to constrain phys-
ical parameters. Observations of crustal lineaments are highly sensitive to variations in parameters such as the 
Poisson's ratio, which remains typically constant throughout the processing. Given that volcanic areas are highly 
heterogeneous, such over-simplifications could influence the efficacy of interpreting features including faults, 
magmatic bodies, and other dispersive structures.

Further geophysical methods deployed to investigate the crustal structure of Costa Rica include regional-scale 
gravity studies, mapping Bouguer gravity anomalies (Ander et al., 1991; Case, 1990; Kellogg et al., 1995; Lücke 
et al., 2010; Mickus, 2003). Besides the prominent negative large-scale anomalies found in Guatemala, Honduras, 
and Nicaragua, gravimetric studies have shown that a confined, negative anomaly exists beneath the southern-
most Costa Rican volcanoes (Ponce & Case, 1987; Thorpe et al., 1981). Such variations have been further inves-
tigated by Lücke et al. (2010) who proposed a 3D density model of the upper crust of Costa Rica. These existing 
data helped establish key characteristics of the active volcanism occurring in the CCRVF (Hayes et al., 2013), 
including targeted experiments at the ITVC (DeVitre et al., 2019; Di Piazza et al., 2015).
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The combination of previous geophysical, geochemical, and petrologi-
cal methods have helped build an understanding of both the CCRVF and 
ITVC. Within this study, we aim to enhance on the work of previous studies, 
improving on interpretations of Costa Rica magmatic and tectonic domains, 
with particular focus given to the ITVC. We present a new, multi-scaled, 
shear wave velocity model, derived from ANT. We establish the model for 
the regional scale CCRVF, comparing to previous studies (Lücke et al., 2010; 
Nuñez et al., 2020) and an assessment to our methodology. With the deploy-
ment of a high-resolution network of broadband seismic stations, alongside 
the already established national network, we then present a novel, unprece-
dented image of the plumbing system of the ITVC, heightening the mapped 
resolution of its magmatic features. We improve the subsurface understand-
ing of Irazú and Turrialba volcanoes, interpreting our findings in conjunction 
with previous multidisciplinary studies in the same region.

The manuscript is structured as follows. Section 2 provides a brief geolog-
ical introduction of the investigated region. In Section  3, we describe the 
data processing workflow used in the retrieval of surface Rayleigh waves, the 
determination of surface wave dispersion curves and details of the method 
of inversion. Section 4 contains the results of the 2-step seismic inversion, 
comparing first the regional and local 2D group velocity maps, and then later 
the 3D shear-wave (Vs) model inversions for the local-scale tomography. The 
results are then discussed in Section 5.

2.  Geological and Tectonic Setting and Previous Studies
The oblique subduction of the Cocos plate beneath the Caribbean plate led to 
the development of volcanism that formed the Central America Volcanic Arc 
(e.g., Álvarez-Gómez et al., 2019; Carvajal-Soto et al., 2020; DeMets, 2001; 
Kobayashi et  al.,  2014). To the northwest, the crust is topographically 
smoother, however to the southeast, a complex morphology of rougher crust 
exists as a succession of central seamounts and the Cocos ridge (Alvarado 
et al., 2007; Carr et al., 2003; Gazel et al., 2009; Hoernle et al., 2008). Several 
studies (Dzierma et  al.,  2011,  2010; Molnar & Sykes,  1969; Norabuena 
et  al., 2004; Sallarès et  al., 2000; Stoiber & Carr, 1973) shed light on the 
geological processes promoted by the convergence of the Cocos and Carib-
bean plates. GPS studies highlight complex ongoing deformation, uncov-
ering the existence of the Panama micro-plate (Freymueller et  al.,  1993; 
Kellogg et al., 1995; Lundgren & Russo, 1996). The intimate link between 
tectonic processes, earthquakes, and volcano seismic activity has been shown 
to occur in Costa Rica (Arce, 2013; Bean et al., 2014; Lupi et al., 2014). A 
disputed deformation feature is that of the Central Costa Rica Deformation 
Belt (CCRDB; Carvajal-Soto et al., 2020). This deformation belt is defined 
as a complex, diffuse, active fault zone system, distinguishable by notice-
able zones of strike-slip seismicity at shallow depths (<20 km) (Alvarado 
et  al.,  2017; Marshall et  al.,  2000; Montero,  2001; Montero et  al.,  2013), 
appearing to be the consequence of collision between the South American 
plate and island arc, formed by Costa Rica and Panama. This resulted in 
bending and eventual overriding of the Panama microplate, over the Carib-
bean plate (DeMets et al., 2010).

Volcanism in Costa Rica extends from the Nicaragua border (11.5°N) to western Panama (8°N). The CCRVF 
is formed by the Platanar-Porvenir complex, Poás, Barva, and the Irazú-Turrialba complex. Possible cooler 
wedge temperatures and broader, less concentrated regions of melt also contribute to volcanism observed 
along the volcanic front (Abers et al., 2014; Rychert et al., 2008; Syracuse et al., 2008). The indentation of the 

Figure 1.  Tectonic Map of Costa Rica and surrounding regions. Key tectonic 
features adapted from Alvarado et al. (2017), Denyer (2009), and Montero 
et al. (2013) of (a) regional-scale, Central Costa Rica Volcanic Front, and (b) 
local-scale, Irazú-Turrialba Volcanic Complex. The key tectonic are shown: 
North Panama Deformation Boundary (NPDB), South Panama Deformation 
Boundary (SPDB), and Pacific Fracture Zone (PFZ). The large, white dashed 
line on the regional map represents the potential region of the Central Costa 
Rica Deformation Belt (CCRDB). The volcanic edifices (red triangles) include 
the Guanacaste Volcanic Range (GVR) and Central Costa Rica volcanic front 
(CCRVF). The marked volcanoes are Arenal (A), Platanar (Pl), Poás (Po), 
Barva (B), Irazú (I) and Turrialba (T). The seismic networks of OVSICORI, 
RSN, and UNIGE are shown by blue, azul, and green triangles.
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subduction-resisting, buoyant, reheated Cocos ridge, younger oceanic Cocos plate, and its collision with the 
Panama microplate (LaFemina et al., 2009), results in a noticeable gap in volcanism (MacMillan et al., 2004; 
Protti et al., 1996), marking an important transition from a depleted oceanic arc to juvenile continental mass 
(Gazel et al., 2019). This coincides with the onset of the Talamanca Cordillera (Figure 1). Geochemical studies of 
the CCRVF reveal highly element enriched magmas associated with the subduction of offshore Galapagos traps 
(Gazel et al., 2009, 2021; Hoernle et al., 2008). However, volcanism as part of the volcanic arc continues  into 
western Panama.

The geochemical and petrological diversity of volcanism within Costa Rica, and variation in eruptive output, 
suggests a spatially complex zone of magma storage, including zones of crystalline mush, mobile lenses of intru-
sive bodies for example, dykes and sills, and a higher crystal fraction framework (Ebmeier et al., 2018). Regions 
where magma storage zones are of an unknown structure and connectivity have been termed ’magmatic domains' 
(Ebmeier et al., 2018; Sigmundsson, 2016).

3.  Data
We deployed 20 broadband seismic stations in a network surrounding the ITVC (Figure 1, Universtiy of Geneva—
UNIGE). The sensors consisted of three-component Nanometrics Trillium Compact sensors (20 and 120 s). Our 
temporary network ran for a period of 11 months from deployment in April 2018 to removal in March 2019. 
All stations were equipped with Omnirecs DATA-CUBE3 digitizers, recording continuous ground motion at a 
sampling rate of 100 Hz. The study was supplemented by two regional permanent networks, namely 32 stations 
from the Observatorio Vulcanológico y Sismológico de Costa Rica (OVSICORI) of the Universidad Nacional 
Autonoma de Costa Rica and 12 from the Red Sismológica Nacional (RSN) of the Universidad de Costa Rica 
(RSN, 2011; Figure 1), giving us a total of 64 broadband seismic stations over this period.

3.1.  Retrieving Rayleigh Waves

The data processing used in our study is performed with the routines developed by Planès et al. (2020) based on 
the workflow of Bensen et al. (2007). By cross-correlating ambient noise records from pairs of receivers, we esti-
mate an empirical Green's function (Campillo & Paul, 2003; Lobkis & Weaver, 2001; Shen et al., 2012). Using 
vertical components of the continuous data, we section the records into 1h segments, apply a large-bandpass 
filter (20 s–4.5 Hz), and down sample the records to 10 Hz, accelerating subsequent computations. Next, we 
deconvolve the sensor response to calculate the instrument corrected ground-motion velocity at each sensor 
location, following the procedure of Haney et al. (2012). We reject any high-amplitude trace that can induce bias 
in the cross-correlation step of the ANT. These abnormal traces are normally attributed to earthquakes or strong 
localized activity. A “nominal” Root Mean Squared (RMS) method is computed by excluding the noisiest 10% 
of traces. Traces that show RMS amplitudes higher than 5 times the nominal RMS are removed. For some of the 
noisier stations, however, stricter ranges of acceptance were applied. The process of whitening, that is, normali-
zation in the frequency domain, is applied to the selected data prior to cross-correlating station pairs and stacking 
over the full recording period (Bensen et al., 2007).

At this stage, to visualize the retrieved information, computed cross-correlation functions (CCFs) are stacked and 
sorted by inter-station distances (Figure 2a). By convention, the westernmost station of each pair was selected to 
be the virtual source. All traces are also band-pass filtered between 1 and 10 s and normalized by the maximum 
amplitude. The two most prominent tilted branches correspond to surface Rayleigh wave propagation. The branch 
at t > 0 s results from west-to-east propagating noise and at t < 0 s from east-to-west propagating noise. There is  a 
visible asymmetry in the amplitude of these two branches suggesting that the prominent noise sources originate 
from the west, likely attributed to the Pacific Ocean. In comparison to previous studies (Liu et al., 2016; Planès 
et al., 2020), the asymmetry is not significant, with noise also generated by the Caribbean Sea. The central verti-
cal branch is likely related to the arrival of teleseismic P waves (t ∼ 0 s; Planès et al., 2020; Sheen & Shin, 2016; 
Singer et al., 2017; J. Zhang et al., 2010). This does not contaminate the surface wave noise responses except for 
shorter inter-station distances of approximately 1.5 λ. This is discussed later in the processing procedures.
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3.2.  Noise Directivity Analysis

By organizing the CCFs based on their azimuthal dependence, an estimation of this directional bias can be 
realised (Figure 2b). Within each individual group of 12 km inter-station distances, there seems to be minor 
azimuthal bias depending on the prominence from Pacific or Caribbean. More details of this are provided in the 
Supporting Information (Figure S1 in Supporting Information S1). A wave vector decomposition approach is 
used to analyze the directivity of the coherent seismic noise. This is done by applying a 2D Fourier transform to 
the stacked CCFs. The decomposition is calculated at a period of 7 s, a frequency allowing for the avoidance of 
spatial aliasing with our network distribution. The dominant energy indicates propagation at a phase velocity of 
∼2.8 km s −1, corresponding to the velocity of the Rayleigh wave fundamental mode estimated from a local 1D 
velocity model (Nazarian et al., 1983; Park et al., 1998; Rix, 1990; S. X. Zhang & Chan, 2003).

As shown in Figure 2c, the dominant direction of noise propagation is toward the north-east with an approximate 
bearing of 40°N, with further contributions ±45° of this direction. Although the CCFs reveal noise propagation 
from both the east and west, the wave vector decomposition shows dominant noise from the Pacific Ocean. Little 
energy is attributed to the Caribbean Sea. Cross-correlation and beam forming studies by Harmon et al. (2008) 
seem to support this observation, concluding that energy existing between 7 and 20 s are attributed to surface 
wave energy and in the shorter periods specifically, originate from the direction of the Pacific. The prominent 
period of energy is at T = 7s (Figure 2c). However, for other periods, we find the noise source more homo-
geneous. Noise from the wave vector decomposition support this (Figure S2 in Supporting Information  S1), 
suggesting a prominent directionality encompassing an arc of azimuths between 0° and 90° for the dominant 
period, but also further contributions from the northwest (Figures S2e–S2g in Supporting Information S1) at 
greater azimuths. At t > 10 s, we see a significant decrease in energy, indicating a shift in noise from secondary 
to primary microseisms (Stehly et al., 2006; J. Zhang et al., 2010), leading to a reduction of Rayleigh wave energy 
(Nishida et al., 2008; Stankiewicz et al., 2010) and lose of directionality. This wave vector decomposition appears 
to correspond with the stacked CCFs (Figure 2a) and azimuthal dependant CCFs (Figure 2b), further strengthen-
ing the assumption that the seismic noise generated, mostly originates from the Pacific Ocean.

3.3.  Group Velocity Dispersion Analysis

Frequency Time Analysis (Dziewonski et al., 1969, 1981; Keilis-Borok et al., 1989; Landisman et al., 1969) is 
used to extract group velocity dispersion curves, incorporating the Bensen et al. (2007) derived instantaneous 
frequency correction (Figure  3a). Further technical information are explained in the Supporting Information 
(Froment, 2011; Hansen, 1992; Tarantola, 2005; Tarantola & Valette, 1982). The surface wave traces are band-
pass filtered through different bands up to 14 s (Figure 3b). We use the approach of (Mordret et al., 2014) to pick 
the fundamental mode. The surface wave traces are subject to a number of selection criteria; (a) inter-station 

Figure 2.  Signal directivity analysis. (a) Cross-correlation functions (CCFs) organized by inter-station distance. CCFs have 
been normalized and band pass filtered between 1 and 10 s. (b) Cross-correlation function plot organized by azimuths in bins 
of 6 km inter-station distances and 5° azimuth, (c) wave-vector decomposition allowing the study of noise directivity. The 
solid and dashed lines represent phase velocities 2.8 and 8.0 km s −1 respectively and correspond to the fundamental mode 
of the Rayleigh wave, computed at period Tc = 7 s. The white arrow shows the direction of propagation carrying the most 
energy (north-easterly), and the peak in the center possibly corresponds with noise-generated teleseismic P waves.
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distance greater than 1.5 wavelengths, reducing the effects of wave distortion (Fallahi et  al.,  2017; Mordret 
et al., 2015; Obermann et al., 2016), (b) lower boundary of 1 s determined from preliminary pickings showing 
either cut or undecipherable data below 0.5 s and (c) categorization of the dispersion curves based on presence of 
overtones and continuity of fundamental mode & sensibilities of velocity ranges. These categories, and examples 
of dispersion curves fitting the criteria are detailed in the Supporting Information (see Section 1.2, Table S1, 
and Figure S3 in Supporting Information S1). When overtones are observed, the slowest mode is picked as the 
representation of the fundamental mode. Due to the lack of phase velocities, wavelength estimations are made 
using the picked group velocities. This might lead to an effective 1–1.5 wavelengths per inter-station distance 
(Lehujeur et al., 2016; Luo et al., 2015; Planès et al., 2020; Zigone et al., 2015). From the complete set of picked 
dispersion curves and number of measurements per period, good data coverage is observed for periods between 1 
and 12 s (Figure 3c). Corresponding kernels are presented in (Figure 3d), showing group-velocity depth sensitiv-
ity of the Rayleigh fundamental mode. The subsurface model used to compute the kernels corresponds with the 
average model retrieved from the depth inversion described in Section 3.5.

Raypath maps and density plots at different periods (Figure  4) provide a visualization of the data coverage 
achieved. The colors of each raypath represent group-velocity of each station pair. The corresponding raypath 

Figure 3.  Dispersion curve. Example of group-velocity dispersion diagram. The dispersion diagram is obtained through 
Frequency Time Analysis (FTAN) decomposition of the cross-correlation function (CCF) between stations APW and VPEM. 
The dashed line shows the picked dispersion curve of the Rayleigh-wave fundamental mode between T = 1 s and T = 10 s. (b) 
All picked dispersion curves. The dashed red line represents the average picked dispersion curve with error bars representing 
the standard deviation of velocities at each period. (c) Number of measurement for each period. (d) Corresponding depth 
sensitivity kernels of the Rayleigh fundamental mode.
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densities (number of rays per cell) are used to define a lateral area of resolution for each network, and are used 
for the interpretation of the inversion data.

3.4.  Inversion of 2D Group Velocity Maps

The spatial resolution tests are performed with checkerboard and spike tests (Figure 5, Figures S4 and S5 in 
Supporting Information S1) at both regional and local-scales, and are used with the raypath and density plots 
(Figure 4) to delineate a final interpretable area. From these tests, it is determined that a spatial resolution of 
≥12–15 km for the regional maps can be achieved (Figure S4 in Supporting Information S1). A variable spatial 
resolution of ≥3–4 km for the local maps is determined, increasing with period (Figure S4 in Supporting Infor-
mation S1). The resolution is improved in the center of the network and it is higher around the ITVC where the 
dense temporary network was deployed. Smearing occurs within the resolution tests as a result of distribution in 
the network (NW-SE regionally and NE-SW locally). The final cell size was chosen based on the smallest cell 
that was successfully resolved within both of these tests and a trade off between spatial resolution and number 
of rays-per-cell.

Figure 4.  Raypath coverage. Raypath maps ((a–d) for regional, (e–h) for local) and corresponding raypath densities ((i–l) for regional, (m–p) for local) at periods 2, 4, 
6, and 8 s. In the raypath density maps, the solid black-line contour delimits the areas where the number of rays per cell are greater than 5. The black dashed line is a 
manually established smoothed version of the black contour incorporating a level of qualitative interpretation.
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The first inversion step aims to retrieve group-velocity maps in the horizontal plane. For the regional network, 
a total of 66 inversions are performed at periods ranging from 1 to 14 s. For the local network, 46 inversions are 
computed between 1 and 10 s (both in steps of 0.2 s). We employ a regularized least squared inversion scheme, 
following Tarantola and Valette (1982). Throughout this initial inversion step, two important assumptions are 

Figure 5.  Resolution tests. (a) Regional and (b) local input of a checkerboard resolution test at T = 4 s consisting of 
alternating 12 km (regional model left column) and 3 km (local model right column) wide squares of low and high-velocity 
(2.3 and 2.7 km s −1 respectively). (c) Regional and (d) local output of checkerboard test. The pattern is successfully resolved 
within the previously defined area (dashed-line contour) except for the southwest boundary of the regional-scale map, 
coinciding with the northwest-southeast network alignment and lack of station coverage along the Caribbean coast. (e) 
Regional and (f) local spike resolutions test at T = 8 s. The synthetic input consists of a uniform velocity model (2.7 km s −1) 
with 5 (regional) and 3 (local) single cells containing a low-velocity zone (2.3 km s −1). These cells are indicated with solid 
white squares.
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made. First, we consider straight-line ray propagation-paths between pairs of stations and second the influence of 
topography is assumed as negligible for travel-times.

After the first inversion step, a set of outliers (∼5%–10% of the whole data set) were removed. These were defined 
as estimated data points that vary by more than 10% from the measured data points, based on RMS misfit. This 
provides further, more quantitative filtering of the picked dispersion curves established in Section 3.1. The first 
full inversion included all the picked dispersion curve data measurements, producing preliminary velocity maps 
that were subsequently used to estimate synthetic group-velocity data. This step allowed for the identification of 
a-posteriori outlying measurements corresponding to certain station pairs lying above the threshold of misfit. The 
second full inversion was done to produce the final 2D group velocity maps, removing outlier measurements, and 
thus removing anomalous station pairs dispersion curves.

3.5.  Retrieval of 3D Shear-Wave Model Through Depth Inversion

To produce a realistic representation of seismic shear-wave velocity variations at depth, a further stage of inver-
sion is needed. First, a set of effective group-velocity dispersion curves is constructed using the maps obtained 
after the first inversion stage. For each grid point, or node, in the 2D plane, these dispersion curves are assumed to 
be locally representative of the corresponding 1D shear-velocity depth profiles (Mordret et al., 2014; Obermann 
et al., 2013; Planès et al., 2020; Ritzwoller et al., 2011; Shapiro & Ritzwoller, 2002; Yang et al., 2008). The 
method established by Planès et al. (2020) relies on homogeneous, fixed-sized cells for the tomographic model.

To infer a local shear-wave velocity depth profile from its corresponding effective dispersion curve, a Monte-Carlo 
type inversion is used, based on and adapted from the “Neighborhood Algorithm” (Sambridge,  1999; 
Wathelet, 2005, 2008). The model space is defined by the number of layers being considered, with each layer 
having an assigned range of possible shear-wave velocities and depths, with the exception of the final layer that 
acts as a half-space (infinite depth). P wave velocities of the layers, Vp, are computed from a Vp/Vs ratio = 1.78. 
The density of the layer is calculated following Gardner's relation (Gardner et al., 1974). Vp and ρ have a much 
smaller influence on the Rayleigh-wave velocity than Vs, the fixed Poisson's ratio and density calculation model 
is an assumption that reduces the number of free parameters to 2 x NL − 1 where NL is the number of layers.

The number of model layers determines the size of the model space and is limited by computational time. For 
both the regional and local inversion, an initial model of NL = 6 layers was chosen. Inversion tests were run with 
a greater number of layers but this proved to be an over-complication detrimental to the results, with the final 
model dominated by the initial model, rarely deviating from the initial layered structure. A further assumption 
to the 3D model was a minimum layer thicknesses of 200 m. The forward problem, that is, computing a theoret-
ical dispersion curve from a candidate depth profile, is solved using the gpdc routine from the Geopsy package 
(Wathelet, 2008).

For each dispersion curve (cell in the 2D horizontal grid), the inversion process consists of (a) generation of 
large initial randomly distributed 1D velocity models, Nini; (b) computation of synthetic dispersion curves of new 
models and evaluate the data misfit; (c) selection of best fitting models, Nb, randomly resampling in the neigh-
borhood, Nr and (d) iteratively repeat from the second step, Niter times or until the misfit drops below an assigned 
threshold. When resampling new models within a given cell, we use successive random walks (Sambridge, 1999) 
and at the end of the process, the inverted model is constructed as the average of the 100 best fitting models. One 
such 1D local inversion was run independently for every cell (x, y point) on the 2D map, the individual solutions 
being aggregated and smoothed to form the final 3D model (see Planès et al., 2020 for more details).

4.  Results of the Tomographic Inversions: Group and Shear-Wave Velocity Maps
Group velocities calculated from the tomographic inversions for regional and local-scales are presented as hori-
zontal slices showing lateral heterogeneities at periods of 2, 4, 6, and 8  s (Figure  6). Each period is related 
to a depth range, pertaining to the relationship between wavelengths and depth-penetration of surface waves. 
Therefore, longer periods suggest increasing depth of investigation. This can be seen from the sensitivity kernels 
(Figure 3d), shorter periods (e.g., 2 s) are most responsive to the upper km's of sediments, with deeper structures 
observable from longer periods. Generally also, the sensitivity to lateral heterogeneities decreases with increasing 
period (depth). Average group velocity ranges between 2.0 km s −1 at the lower (1 s) boundary and 2.8 km s −1 
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at the upper (12  s) boundary period. However, particularly for the shorter 
periods with greater numbers of picked data (<6 s, Figure 3c), the range of 
individual picked velocities is wider at 1.5–3.0 km s −1.

At the regional scale and at short periods (2–4  s, Figures  6a and  6b) we 
observe two distinct low-velocity regions, both sub-parallel to the direc-
tion of the volcanic arc. Moreover, to the north and to the south, the group 
velocities range between 2.6  and 3.2 km s −1. At longer periods (6–8 s), the 
low-velocities appear as sub-circular regions beneath each active volcanic 
center (e.g., Barva, Irazú, and Turrialba). A contrast between the lower and 
higher group velocities, south of the ITVC, becomes prominent and particu-
larly visible at 6  s. Similar low-velocities are observed on the local scale 
maps at all periods (2–8 s, Figures 6e–6h). At short periods (2–4 s, panels 
e–f in Figure 6) the low group velocities are prominent below the summit of 
Turrialba, with a noticeable high velocity below the Irazú summit. At longer 
periods (6–8 s, panels e–f in Figure 6) the low group velocities appear more 
rounded beneath both volcanoes, but prominent below that of Turrialba. Just 
at the limits of the local-scale resolution appears to be a transition from low 
to high velocity.

Following the procedure described in Section 3.5, we obtain a 3D, shear-wave 
velocity (VS) model, extracting horizontal slices at 2 km depth intervals from 
2 to 14 km. For the local inversion, we were unable to resolve at 14 km depth. 
The corresponding 2D VS maps are shown for the regional scale in Figure 7, 
and for the local scale in Figure 8. We observe low VS regions below the 
volcanic arc, consistent with Figures  6a–6d. This region appears beneath 
all volcanoes between Platanar to Irazú (between 4 and 7  km), elongated 
NW-SE (Figures 7b–7d). Below 8 km depth, this region is no longer visi-
ble beneath the ITVC and remains visible only below the currently active 
volcanic centers of Poás and Barva. The sharp contrast between high and low 
group velocities south of the ITVC shown in Figure 6d is also retrieved when 
inverting VS velocities and occurs until about 8 km depth (Figure 7d). The 
inversion of ambient noise data retrieved from the high-resolution network 
deployed around the ITVC (Figure 8) benefits from a more refined grid spac-
ing (Figure 5) than that of the regional results. At shallow depths (4–6 km) 
VS velocities beneath the ITVC (Figures 8b and 8c) are about 2.6 km s −1, 
in agreement with the values obtained for the same depth at the regional 
scale. This region narrows down below the ITVC at about 8–12 km depth 
(Figures 8d–8f). For depths >12 km, we found insufficient resolution in the 
data available to accurately represent shear wave velocities. We calculated 
a Root Mean Squared Error (RMSE) for solutions of our depth inversion to 
quantify the data fit and uncertainties in the Vs values (Figures 7 and 8g–8j), 
determining an average RMSE of ≈0.2–0.3 km s −1.

Figure 9 shows the cross-sections along selected directions extracted from the 
inversion of the regional (Figures 9a–9c) and local (Figures 9d–9f) seismic 
data along with a comparison of our data against previous studies (Figures 9g 
and 9h). The cross sections include the ITVC (A-A’ and D-D’, Figures 9a 
and 9d), the upper crust perpendicular to the ITVC through Irazú volcano 
(B-B’ and E-E’, Figures 9b and 9e), and a transect of the CCRVF (C-C’ and 
F-F’, Figures 9c and 9f). We observe the lowest VS regions (VS ≤ 2.3 km s −1) 
at shallow depths (0–4 km), most prominently to the East of the ITVC. All 
the profiles of Figure 9 show that at 4 km depth a discontinuity occurs. This 
sudden sub-horizontal variation is particularly clear in Figures 9e and 9f and 

may be visible also in Figure 9c. The local-scale cross-sections (Figures 9d–9f) provide a refined picture of the 
region beneath Irazú and Turrialba volcanoes. Figure 9d shows three discernible regions of low-velocity with a 

Figure 6.  Regional and local 2D group velocity inversion. Inverted Vg maps for 
regional (a–d) and local-scale (e–f) at periods of T = 2 s, T = 4 s, T = 6 s, and 
T = 8 s. The solid (computerized interpretation) and dashed-line (qualitative 
interpretation) black contours encompass the area of good ray coverage that is 
expected to be well resolved. The variance-reduction of the final 2D inversion 
is also indicated as a percentage and is a statistical representation of variance 
between data generated within a homogeneous medium and mean picked group 
velocity, and observed model data. The seismic stations are shown by black 
triangles and the volcanic edifices (red triangles) are named from west to east 
as Tenorio, Arenal, Platanar, Poás, Barva, Irazú, and Turrialba, the last three of 
which appear on the local-scale maps.
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possible connection to low VS velocity regions in the middle crust toward the west. With the exception of Platanar 
volcano, regions characterized by low VS velocities are found until about 8 km depth (Figure 9c). The transition 
from the volcanic arc to the Talamanca Cordillera is marked by a sharp transition from low to high VS velocity 
regions. This is particularly evident in Figure 9b.

5.  Discussion
5.1.  Underlying Assumptions of Ambient-Noise Tomography

Ambient-noise tomography requires a number of steps relying on physical assumptions, modeling approximations, 
and user-dependent choices that affect the outcome of the inversion. One physical assumption is that incoming 
noise has a sufficiently large directional coverage to provide enough reliable surface-wave travel times, a condi-
tion that we validated in Section 3.2. A stage of important user-influence is the dispersion curve picking, which 
provides the input data for the later inversions. This manual processing step requires the fundamental mode to 

Figure 7.  Inversion of the shear-wave velocity model at the regional scale. Horizontal slices of the 3D Vs model at depths 
of z = 2 km (a), z = 4 km (b), z = 6 km (c), z = 8 km (d), z = 10 km (e) and z = 12 km (f). The black dashed line frames the 
region where inversion is reliable. Some of the main tectonic features taken from Figure 1 and are also indicated. The seismic 
stations are shown by black triangles. The volcanic edifices (red triangles) are named from west to east as Tenorio (Te), 
Arenal (A), Platanar (Pl), Poás (Po), Barva (B), Irazú (I) and Turrialba (T). Results of the depth inversion at the locations of 
Irazú (g) and Poás (h) volcano, San Jose (i) and a location south of the volcanic arc (j). The red line represents the final Vs 
model with horizontal bars representing the Root Mean Squared Error with respect to the 2,000 best models calculated in the 
inversion. All models at each location are plotted indicating the % difference from the final model.
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be identified, an approach to removing station pairings affected by period or noise directionality biases. At short 
periods specifically, the distinction between fundamental mode and high-energy overtones sometimes proved 
difficult. We improved upon this by establishing a set of criteria (Section 3.3), aiding in the reproducibility of our 
results. The prominency of noise from the Pacific Ocean also produced similar issues, with stations perpendicular 
to this sometimes producing unreliable dispersion curves. In such instances where a fundamental mode could not 
be determined, we refrained from picking data, preferring no information to possible artifacts. It is important to 
clarify that many station pairs perpendicular to the defined prominent directionality of noise did provide surface 
wave dispersion curves stable enough for the later inversions, and the presence of a dominant source does not 
necessarily mean that noise may not exist elsewhere, as discussed for example by Yang et  al.  (2008) and H. 
Yao et al. (2008). Planès et al. (2020) noted that directional biases affect features elongated/striking along the 
incoming direction of the noise. Vice-versa, structures striking sub-perpendicularly (or at any given angle greater 
than 30°) to the direction of the incoming noise can be sampled. By comparing Figure 3 against the main strike 
of the volcanic arc shown in Figure 1, it is possible to assume that the main features investigated by the current 

Figure 8.  Inversion of the shear-wave velocity model at the local scale. 3D Vs model at depths of z = 2 km (a), z = 4 km (b), 
z = 6 km (c), z = 8 km (d), z = 10 km (e) and z = 12 km (f). The black dashed line is a further smoothed modified area of 
preferred resolution. The key tectonic features taken from Figure 1 and are also indicated. The seismic stations are shown by 
black triangles. The volcanic edifices (red triangles) are named from west to east as Barva (B), Irazú (I), and Turrialba (T). 
Results of the depth inversion at the locations of Irazú (g) and Turrialba (h) volcano, and a location west (i) and north (j) of 
the ITVC (j). The red line represents the final Vs model with horizontal bars representing the Root Mean Squared Error with 
respect to the 2,000 best models calculated in the inversion. All models at each location are plotted indicating the % difference 
from the final model.
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manuscript are not sub-parallel to the propagation direction of the noise. For the longer periods of our records, 
we notice less energy (Figure 3c). We, therefore, expect that results for the wavevector decomposition with peri-
ods >10 s will lack resolution (Figures S2f–S2h in Supporting Information S1). However, despite stressing on 
the possible bias of our results at great depths, we decided to still include them in our inversion. Indeed, H. Yao 
et al. (2008) and Van Der Hilst (2009) concluded that for long time windows (months to years), noise direction-
ality has little effect on the results.

As discussed in Harmon et al. (2010), inhomogeneous noise sources can cause a bias in the estimated velocities, 
with stations aligned to the prominent noise source producing faster values with respect to the true velocity. This 
however should be mitigated in part by the even spreading of our network, where the perpendicularly aligned 
stations evening out this bias. Harmon et al. (2008) also states that measurement errors due to heterogeneous 
sources and subsurface structures at shorter periods are smaller. We assessed and moderated for these errors 
through reduction of variance from the group velocity tomographic inversion, ensuring the bias in source direc-
tionality was removed, while preserving a high agreement between data and model.

We make two definitions of resolution; (a) determinable anomaly size and (b) lateral region of resolvable data. 
These are determined by the checkerboard (and spike) tests, and raypath densities (Figures 5 and 4). Grid sizes 
of 9 and 3 km (for regional and local scale respectively), which also act as the limits to the lateral anomaly sizes 
we can resolve from the 2D inversion process (Figure 5, Figures S4 and S5 in Supporting Information S1). This 
implies that potentially small and shallow reservoirs (≤2 km) cannot be explicitly interpreted with our data. The 
station distributions determine also our well-resolved lateral area for the inversion (Figure 4).

At the 2D inversion stage, we made two additional approximations. We did not account for surface topogra-
phy, and surface-wave paths were modeled as straight rays. The true modeling of surface-wave travel-times in 

Figure 9.  Cross-sections of the regional and local-scale velocity models. Regional (a–c) and local (d–f) cross sections of the 3D Vs model and comparison of C-C’ (g) 
and F-F’ (h) profiles with scaled results from the Nuñez et al. (2020) ambient noise tomography (ANT) study and Lücke et al. (2010) gravity density model. The black 
dashed lines delimit the area with good ray coverage and preferred inversion resolution. Red dashed lines mark the volcanic summits across which the cross-sections 
pass through.
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3D media of arbitrary topography is a non-linear problem, computationally intensive and beyond the scope of 
this study. These approximations could imply that the shallow, small-wavelength anomalies could possibly be 
misplaced or have biased velocities, similarly to all ANT studies. The gathering of individual inversions of 1D 
velocity models from local dispersion curves before building the final 3D model is standard practice of ANT, 
with full 3D inversions computationally infeasible. This procedure may conflict with the strong lateral heteroge-
neities of volcanic environments. Dispersion curve inversion is also a non-unique problem where the operator is 
required to impose constraints on the possible output velocity models. For example, fixing the Vp/Vs ratio at 1.78 
could present an over simplification for environments with significant lateral and vertical variations, such as the 
CCRVF and ITVC.

5.2.  Tectonic Discontinuities

Prominent tectonic features in Costa Rica can appear in the ambient noise inversion as notable velocity contrasts. 
Mapped major tectonic features are displayed in Figures 7 and 8. The CCRDB, is a large-scale region of defor-
mation driven by the northeast converging Panama Microplate (Alvarado et  al.,  2017; Kellogg et  al.,  1995; 
Trenkamp et al., 2002; Vargas & Mann, 2013). The CCRDB has no explicit boundaries, however implied limits 
are mapped in Figures 1, 6, and 7 based on various studies (Alvarado et al., 2017; Carvajal-Soto et al., 2020; 
Marshall et  al.,  2000; Montero et  al.,  2013). The implied northern limit of the CCRDB appears as a contin-
uation of the North Panama Deformation Belt, represented by a series of fold-and-thrust faults (Figures 1, 6, 
and 7). Our observations, for both group (Figures 6a–6d) and shear (Figure 7) velocities, show that running 
sub-parallel to this northern boundary are shallow to intermediate low-velocity zones. Geodetic observations 
from inter-seismic crustal deformation suggests a similar northern limit (Carvajal-Soto et al., 2020; Marshall 
et al., 2000), although there is no geological evidence for this. These previous geodetic studies propose the south-
ern limit to the CCRDB be at the transition between volcanic and continental mountain environment between 
the ITVC and Talamanca Cordillera. This is supported by recent neotectonic studies of the 1991 Mw 7.7 Limón 
earthquake (Montero-Pohly, 2021a) and the 1983 Cuericí and Buenavista earthquakes (Montero-Pohly, 2021b). 
The transition from ITVC to Talamanca Cordillera, is brought about by uplifted juvenile continental mass (Gazel 
et al., 2009, 2021, 2019), producing a break in the CCRVF, and a volcanic gap stretching into northern Panama 
(Carr et al., 2007; Sak et al., 2009). Our inversion is unable to confidently infer this southern limit, however, 
the noticeable contrast we observe in the southeast, from low to high VS, up to a depth of 8 km (Figure 7) could 
present evidence of this transition between volcanic and mountain environments. This is supported by receiver 
function studies (Dzierma et  al.,  2010), finding discontinuous Moho morphologies at the CCRVF and Tala-
manca boundary. Proposed limits of the CCRDB from previous authors (Brandes et  al.,  2016; Vannucchi & 
Morgan, 2019) also correspond with our observations, although they did not identify such a sharp transition 
across the Talamanca Cordillera.

5.3.  Velocity Structure of Central Costa Rica

We present a 3D shear-wave velocity model for the shallow and intermediate crustal structure of the CCRVF and 
ITVC at a regional scale, up to a depth of 12 km. Our main findings indicate a number of low-velocity zones 
linearly aligned with the axis of the volcanic front, and beneath the most recently active volcanoes in Central 
Costa Rica. Prominent, low shear-wave velocities appear in the upper 2 km of our inversion, on the flanks of the 
volcanic edifices in our study. We speculate that this may be caused by sedimentary basin and volcanic deposits 
(Folguera et al., 2016; González-Vidal et al., 2018; Kay & Ramos et al., 2006; Melnick & Echtler, 2006). These 
pronounced low VS regions (bounded in Figure 10a by white dashed lines) seem to transition from a sedimentary 
into magmatic domain. Around the volcanic edifices, we also suggest that the low VS velocity values may be 
related to the occurrence of hydrothermal systems fed by percolating groundwaters and fueled by particularly 
elevated geothermal gradients caused by magmas at depth.

Figure 10a presents a conceptual model for the CCRVF, proposing a more detailed interpretation of the magmatic 
domain of Costa Rica, with four major low-velocity zones (LV 1–4). LV1 occurs below Arenal volcano, seem-
ingly interconnected with LV2 beneath Platanar and Poás volcanoes. LV3 and LV4 occur beneath Barva volca-
noes and the ITVC, respectively. This model is supported by the gravity inversions of Lücke et al. (2010), and 
also in part by previous ambient-noise study in Costa Rica (Nuñez et al., 2020). Both are compared in Figure 9g, 
indicating the positions of low VS zones and modeled crustal bodies against our results in profile C-C’. We find 
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Figure 10.  Regional and local conceptual models. Conceptual interpretations of the 3D Vs model for the regional-scale CCRVF (a) and local-scale ITVC (b). The limits 
of the low-velocity zones (LV 1–4), and magmatic transfer zones are marked by the dark-red dashed line and the Talamanca Range (TR) is marked by the blue dashed 
line. The limits of the intermediate low-velocity (ILV) zone beneath the ITVC and (smaller-) low-velocity (SLV) zones are marked by the red solid-circles, magmatic 
transfer zones also indicated. The LV and ILV limits are contours of Vs = 2.7 km s −1 and the red dotted line surrounding the ILV is a contour of Vs = 2.9 km s −1. For 
both scales, the low-velocity zone attributed to sedimentary and magmatic deposits is marked by the white dashed line.
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broad agreement between our inversion (LV3, Figure 10a) and the 2.35 kg m −3 modeled density anomaly of 
Lücke et al. (2010) below Poás and Barva, also coinciding with LV3 (Figure S6 in Supporting Information S1). 
Similarly, the region modeled by Lücke et al. (2010) below Irazú broadly corresponds to our observed VS regions 
and LV4. The distribution of shear-wave velocities between our ambient noise inversion and that of Nuñez 
et al. (2020) are not in full agreement. This is particularly apparent beneath the ITVC, however this is likely due 
to our greater resolution from the improved network coverage. Nuñez et al. (2020) do have improved coverage 
to the northwest, closer to Nicaragua and Arenal volcano. It is important to note that Nuñez et al. (2020) incor-
poration of wavefront propagation theory does account for curved raypaths, contrasting to our assumed straight 
raypaths. Velocity ranges for high and low shear-wave velocities are comparable for both studies, and are similar 
to those retrieved from ambient-noise methods by previous authors in other volcanic areas, for example, in Chile 
(González-Vidal et al., 2018) and Indonesia (Fallahi et al., 2017).

We suggest that the deeper (≥3 km), low VS velocity zones may indicate the presence of a ductile rheology 
probably caused by a mush zone hosting magmatic reservoirs, sub-volcanic conduits and enhanced permeability 
regions. We propose that this succession of low-velocity zones is related to a deformation region where deep 
magmas and slab-related fluids are focused into the upper crust. In this framework, low VS velocity regions would 
be caused by fluid-rich, hot and almost ductile geological compartments hosting the deep plumbing systems 
of volcanoes as postulated by previous authors proposing regions of mush (Ebmeier et  al.,  2018; Edmonds 
et al., 2019) or thermally induced ductile domains (Cashman et al., 2017).

This succession of low-velocity zones, forming a deformation region, may be tectonically driven and prompted by 
the northeast convergence of the Panama microplate. This could promote the development of a young, pre-faulted 
upper crust that coincides with the strike of the CCRVF. Lücke et al. (2010) state that due to the high volumes and 
lateral extent of modeled bodies, the simple interpretation of magma chambers is unsustainable. This supports 
our proposal of intermediate-depth magmatism within a weakened, deformation zone. The occurrence of an 
incipient deformation zone hosting the volcanic arc is also supported by seismic data showing NW-SE strike-slip 
focal mechanisms at depths ≤20 km and above (Global CMT, Dziewonski et al., 1981; Ekström et al., 2012). This 
includes the M6.1 2009 Cinchona earthquake (Barrantes-Castillo et al., 2013).

5.4.  Velocity Structure of the Irazú-Turrialba Volcanic Complex

We present a novel, local 3D shear-wave velocity model of the ITVC, defining the distribution of shear-wave 
velocities below the main volcanic edifice, up to 12  km depth (Figures  8 and  9d–9f). The lowest VS values 
(2.2 km s −1) appear to the northeast of Turrialba and suggest the presence of sedimentary units, an observa-
tion supported by Denyer and Alvarado (2007). Low VS values south of Irazú could be related to the observed 
alignment of scoria, tuff and monogenetic cones in this region, following a similar N-S elongation Alvarado 
et al.  (2006). This is supported by the numerical integration model of Carvajal-Soto et al.  (2020), combining 
tectonic observations modified after Bird (2003), Marshall et al. (2000), and Kobayashi et al. (2014).

Figure  10b illustrates our proposed model for the ITVC, presenting a more detailed structure of the magma 
domain beneath both volcanoes. This domain consists of an intermediate low-velocity zone (ILV), connected to 
shallow low-velocity zones (SLV) below each volcanic edifice. The ILV is the most prominent feature determined 
by our tomographic inversion, and sits ∼12–10 km below the Irazú crater (6–8 km depth), seemingly fed by a 
deep-reaching conduit. The assumption that regions marked by low shear-wave velocities are purely magmatic 
bodies would imply the development of large caldera-like volcanic systems at the surface. This is not the case for 
the ITVC. Instead, we propose a complex system of shallow and intermediate magmatic reservoirs, surrounded 
by a region of a ductile domain and crystal mush, characteristic of the architectures and dynamics of trans-crustal 
magmatic systems (Cashman et al., 2017; Edmonds et al., 2019).

The limits to our proposed low-velocity zones are set at 2.7 km s −1 (solid red line, Figure 10b) for the potential 
partial melt, and 2.9 km s −1 for the larger ductile domain of crystal mush region (dashed red line, Figure 10b). 
These values are taken from theoretical studies of magmatic bodies (Christensen, 1996; Takei, 2002) and seis-
mic tomography studies in volcanic environments similar to that of Costa Rica (González-Vidal et  al., 2018; 
Obermann et al., 2016; Pritchard & Gregg, 2016; Stankiewicz et al., 2010). From this, we calculate theoretical 
volumes of ∼400–900 km 3 for the magmatic reservoirs and ductile mush zone. This is supported by smaller-scale, 
intermediate crustal depth magmatic regions, for example, in Laguna del Maule in Chile, derived from seismic 
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tomography methods (Bai et al., 2020; Wespestad et al., 2019). Estimations of 4%–6% for melt fraction of the 
Irazú and Turrialba volcanoes are found for basaltic andesitic volcanoes (Carr et al., 2007; Sadofsky et al., 2008), 
giving us approximations of partial melt of 16–54 km 3 for the ILV below the ITVC.

Alvarado et al. (2006) and DeVitre et al. (2019) detail the complex mixing of magma batches that have occurred 
for the more recent eruptions at Turrialba and Irazú respectively, both noting a shared basaltic-andesitic magmatic 
composition. Petrological data from andesitic magma of the El Retiro eruption (Di Piazza et al., 2019) suggests 
that the temperature and pressure conditions corresponded with a plumbing system at ∼12 km beneath the crater. 
This is in agreement with the location of our proposed ILV beneath the ITVC. Melt inclusion studies estimate 
water contents from both volcanoes at ∼3% (Benjamin et al., 2007; Di Piazza et al., 2019), which could equate 
to a shared reservoir at depth. This is supported by GPS (Battaglia et al., 2019) and gravity (Lücke et al., 2010), 
both models indicating that a shared body beneath both Irazú and Turrialba as the cause. Figure 9h compares the 
gravimetric data (Lücke et al., 2010) against our local-scale tomography, confirming what appears to be a general 
agreement between the low VS values (ILV, Figure 10b and Figure S6b in Supporting Information S1), and the 
regions characterized by densities of 2.6 kg m −3 (Lücke et  al.,  2010). The gravimetric data below the ITVC 
suggests the occurrence of a low-density (possibly magmatic) formation roofing at about 2 km depth. This is in 
broad agreement with the distribution of our low-velocity, ductile domain.

From here it is possible to postulate magmatic transfer zones between multiple low VS domains (ILV to the SLV-I 
and SLV-T), contributing to the diverse eruptive products of both volcanoes within the ITVC. Figure 9f suggests 
the existence of a shallower low-velocity zone at ∼5.5 km below the crater of Irazú. Alvarado et al. (2006) explain 
that the compositional diversity at Irazú is attributed to different magma batches at shallower levels, and indi-
cates  the presence of a shallower system (≤2 km depth) similar to that of the SLV-I. S wave velocity zones at Irazú 
volcano (Villegas Alvarez et al., 2019) also indicate a slow velocity region between 6 and 15 km, possibly indic-
ative of our proposed ILV. However, they also report high-velocity zones perceived as cooled or dense volcanic 
rocks, at depths similar to our SLV-I. Due to the lack of recent activity at Irazú, the SLV-I could represent a region 
of fracturation, and previous magmatic storage that has since “dried”, promoting these slower velocities. The 
sensitivity kernels of Figure 3d provide a measure of confidence that the presence of this shallower low-velocity 
zone is accurately represented in our inversion.

It is less clear to discern a similar feature below Turrialba volcano. However, the pronounced low VS region attrib-
uted to sedimentary units on the eastern side of the Turrialba is deflected immediately below the volcanic cone, 
showing a step-like morphology (enhanced in the conceptual model of Figure 10b by the white dashed line). This 
shallow deflection, or flexure, at 2 km depth may be caused by a small shallow magmatic reservoir. Geodetic 
data, measuring ground deformation of the ITVC (Battaglia et al., 2019) suggests a more complex plumbing 
system is required, for example, a superficial reservoir, to satisfy the significant residual velocities at Turrialba, 
supporting the existence of the SLV-T. Seismicity attributed to SO2 degassing (Conde et al., 2014) contribute 
to the schematic magmatic system devised by DeVitre et al. (2019). This schematic postulates an intermediate 
basaltic-andesitic magma storage region beneath Turrialba and Irazú, mixing with shallow rhyolitic residual 
magma from previous eruptive events (de Moor et al., 2016; DeVitre et al., 2019; Rizzo et al., 2016), supporting 
our proposal of the ILV and SLV-T.

We also observe a deeper emerging low-velocity zone just within the limits of model, at ∼10–12  km depth 
(Figures 8d and 8e), which could be the mid-crustal, principal feeding reservoir proposed by Alvarado et al. (2006) 
and Di Piazza et al. (2019). Profiles D-D’, E-E’ and F-F’ (Figures 9d–9f) support these observations highlighting 
a southwards dipping low-velocity zone that we propose as the potential plumbing system feeding the ITVC. 
Outside of the ILV, and deeper emerging low-velocity feature, we observe shear-wave velocities increasing with 
depth. To the southeast, the transition toward the Talamanca Cordillera is marked by a defined shear-wave veloc-
ity contrast (Figures 9d and 9f).

Both the regional- and the local-scale inversions shown in our study seem to support a model where adjacent 
volcanic edifices may share a common reservoir at depth embedded in a ductile domain of mush and melt. Indeed, 
an increasing number of studies have recently suggested that neighboring volcanoes may not be considered as 
isolated systems but rather a ramification of deeper common middle-to lower-crust reservoir (Power et al., 2020). 
Similar observations were drawn by González-Vidal et al. (2018) who show how Andean volcanoes may be fed 
from a large-scale reservoir seated in the middle-crust, offset from the main volcanic edifice. At the large scale, 
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we observe such common reservoirs at Plantanar, Poás, and Barva volcanoes. At the local-scale, the common 
reservoir below the ITVC may further support this hypothesis.

6.  Conclusions
We present a 3D shear-wave velocity model at the regional-scale of the Central Costa Rica Volcanic Front 
(CCRVF) and at the local-scale of the Irazú-Turrialba Volcanic Complex. We collected data from a tempo-
rary network deployed around the Irazú-Turrialba Volcanic Complex, supplemented by stations from permanent 
networks deployed across Costa Rica. The combination of the regional and local networks allowed us to perform 
two separate ambient-noise tomographies.

ANT reveals the existence of 4 significant low-velocity zones in the middle-to upper crust beneath the Arenal, 
Platanar, Poás, Barva, Irazú, and Turrialba volcanoes, representing magmatic reservoirs hosted within ductile 
lithologies. The formation of this region is attributed to the combination of volcanism and plate-scale deforma-
tion processes. We present a newer, comparable model of the volcanoes along the CCRVF, proposing that they 
share zones of weakened mush in the middle to upper crust, that in turn may feed shallower reservoirs that cannot 
be resolved by our regional-scale tomography. We also confirm the existence of a noticeable high-velocity zone 
below the Talamanca Range of southeast Costa Rica.

We present a novel high-resolution ANT image of the Irazú ITVC plumbing system, showing a common magmatic 
reservoir at about 5 km depth feeding two possible shallower reservoirs. Our results represent an unprecedented 
model of the subsurface structure of the ITVC, not yet reported at this scale or with such resolution and impor-
tantly, is also supported by previous, multidisciplinary studies. Our study helps toward a better understanding 
of the CCRVF and sheds light on the complex spatial distribution of magma below the Irazú-Turrialba Volcanic 
Complex.

Data Availability Statement
Data from all stations (temporary and permanent) for the acquisition period of April 2018 to March 2019 can be 
found in Matlab format under the DOI: https://doi.org/10.5281/zenodo.4912497.
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