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S U M M A R Y 

Iraz ú and Turrialba are a twin volcanic complex that marks a distinct stop in volcanism 

along the Central America volcanic arc. We present a new traveltime velocity model of the 
crust beneath Iraz ú and Turrialba volcanoes, Costa Rica, and interpret it considering the 
results of previous ambient noise tomographic inversions. Data were acquired by a temporary 

seismic network during a period of low activity of the Iraz ú–Turrialba volcanic complex in 

2018–2019. Beneath the Iraz ú volcano, we observe low P -wave velocities ( V P = 5 km s −1 ) 
and low velocity ratios ( V P / V S = 1.6). In contrast, below the Turrialba volcano, we observe 
low S -wav e v elocities ( V S = 3 km s −1 ) and a high V P / V S ( = 1.85) anomaly. We found that 
locations of low V P and V S anomalies ( −15 %) correspond well with shear wave velocity 

anomalies retrieved from ambient noise tomography. At shallower depths, we observe high V P 

and V S anomalies ( + 15 %) located between the summits of the volcanoes. Subvertical velocity 

anomalies are also observed at greater depths, with high V P and V S anomalies appearing at 
the lower limits of our models. We propose a complex structure of an intermediate magmatic 
reservoir, presenting multiphase fluid states of a liquid-to-gas transition beneath Iraz ú and 

a juvenile store of magmatic fluid beneath Turrialba, while shallow fluid transport provides 
evidence of magmatic–hydrothermal interactions. 

Ke y words: Earthquak e ground motions; Seismic tomography; Volcanic arc processes; 
Magma chamber processes; Physics of magma and magma bodies. 
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 I N T RO D U C T I O N  

odern seismology provides a multitude of methods to investigate
olcanic settings. The deployment of ground motion studies, either
rom seismic (Husen et al. 2003 ; Arroyo et al. 2009 ; Dinc et al.
010 ) or from geodetic (Marshall et al. 2000 ; Carvajal-Soto et al.
020 ) means, has helped the understanding of quasi-real-time ac-
i vity le vels within volcanic environments. Costa Rica is probably
ne of the most instrumented and monitored country in Central
merica, highlighting the importance of permanent, up-to-date and
ell-maintained monitoring networks. 
P assiv e seismic tomographic studies are relatively affordable,

ow-maintenance and non-intrusive experiments. They provide im-
ges of the velocity structure of the subsurface across multiple
cales. Due to the complex tectonics, and risk from seismic and
olcanic hazards, Costa Rica has been subject to a number of dif-
erent multidisciplinary studies. Geodetic studies observe complex
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
urface deformation in central Costa Rica (Freymueller et al. 1993 ;
 ello gg et al. 1995 ; Lundgren & Russo 1996 ; LaFemina et al. 2009 ;
 oba yashi et al. 2014 ) (Fig. 1 a). Ground motion measurements in-
icate a tectonic escape in the form of a forearc sliver, and the
mergence of a microplate, away from the indented, buoyant, re-
eated Cocos Ridge (Carvajal-Soto et al. 2020 ). Gazel et al. ( 2019 )
ropose a transition from oceanic to the juvenile continental crust at
he junction between the Cocos–Caribbean subduction margin and
he Panama microplate (Fig. 1 a). Several seismic experiments pro-
ide insights into the crustal structure of central Costa Rica using
eceiver functions (Yao et al. 1999 ; Dzierma et al. 2010 ; Villegas
lvarez et al. 2019 ). Other passive seismic studies shed light on the

entral Costa Rican Pacific subduction margin (Husen et al. 2003 ;
rroyo et al. 2009 ; Dinc et al. 2010 ). The Iraz ú–Turrialba volcanic

omplex (ITVC) forms the largest stratovolcano edifice in central
osta Rica (Reagan et al. 2006 ; Carr et al. 2007 ; DeVitre et al.
019 ). The ITVC marks a gap in the volcanism of Central America
oyal Astronomical Society. This is an Open Access 
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Figure 1. Central Costa Rica study region with key tectonic features and 
major plate motions. (a) Regional-scale tectonic setting of Costa Rica 
and (b) local-scale tectonic setting of ITVC, complete with pre-inversion 
ev ent/source locations, gre yed dots, recorded by the seismic network. Axes 
of the cross-sections (A–A 

′ , B–B 

′ and C–C 

′ ) that appear throughout the 
study are also plotted. (c) Distribution of the seismic stations deployed 
during the study period. The networks of OVSICORI, RSN and UNIGE 

are shown by squares (blue), diamonds (azul) and triangles (green). The 
key tectonics are shown: North Panama Defor mation Boundar y (NPDB), 
South Panama Deformation Boundary (SPDB) and Pacific Fracture Zone 
(PFZ). The blue arrows represent plate motions relative to the Caribbean 
plate (modified after Carvajal-Soto et al. 2020 ). 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 and 
ellipses) include the Guanacaste Volcanic Range (GVR) and CCRVF, while 
the continental mountain range of the Talamanca Cordillera is shown by the 
green ellipses. The marked volcanoes are Arenal (A), Platanar (Pl), Po ás 
(Po), Barva (B), Iraz ú (I) and Turrialba (T). The capital city of San Jos é 
is also indicated. Montero et al. ( 2013b ) separate the ITVC fault system 

into three principal segments: (1) the R ́ıo Sucio segment, including the R ́ıo 
Sucio (RSF) and Blanquito (BQ) faults to the northwest; (2) the Atirro–
Tucurrique segment, including the Atirro (AT), Tucurrique (TU), Azul (AZ) 
and Kabebeta (KB) faults to the southeast; and (3) a central pull-apart basin 
accommodated within the ITVC and along the Navarro (NF) and Agua- 
caliente (AC) faults. Main features adapted from Alvarado et al. ( 2017 ), 
Montero et al. ( 2013b ) and Denyer ( 2009 ). 
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(Protti et al. 1996 ; MacMillan et al. 2004 ) and the termination of 
the central Costa Rica volcanic front (CCRVF; e.g. LaFemina et al. 
2009 ; Gazel et al. 2019 ; Jiwani-Brown et al. 2022 ). Geodetic stud- 
ies have primarily focused on the large-scale tectonic plate motions 
and cr ustal defor mation, highlighting the diverse seismic behaviours 
along the Cocos and Caribbean subduction margin (LaFemina et al. 
2009 ; K oba yashi et al. 2014 ; Carvajal-Soto et al. 2020 ). 

Local earthquake tomography (LET) imaging is a common tool to 
investigate volcanic environments and is a relati vel y high-resolution 
method that has helped to ef fecti vel y map the subsurface veloc- 
ity structure of multiple magmatic systems (e.g. Koulakov 2009 ; 
Koulakov et al. 2013 ; Kasatkina et al. 2014 ; Bushenkova et al. 
2019 ; Garc ́ıa et al. 2019 ). LET uses seismic waves released by local 
earthquakes that are iterati vel y inverted to produce a model of the V P 

and V S wave seismic velocity distributions as well as the V P / V S ratio. 
Such velocity models can provide information linked to the com- 
position, compressibility or physical state (e.g. litholo gy, rheolo gy, 
fluid content, principal stress and strain) of the subsurface, as well 
as indicate any presence of fluids (i.e. magma, gas or groundwater). 
LET studies in Costa Rica have pre viousl y focused on subduction 
(Husen et al. 2003 ; Dinc et al. 2010 ) and seismogenic (e.g. fault; 
DeShon et al. 2006 ) structures. Ho wever , due to the lack of a ded- 
icated seismic network, LET has rarely been applied to investigate 
Costa Rican volcanoes. Rabbel et al. ( 2011 ) determined that notable 
anisotropic variations occurred across the transition from oceanic 
to continental morphology and subducting slab, affecting the ability 
to resolve large-scale features. 

Ambient noise tomography (ANT) studies (Nu ̃ nez et al. 2020 ; 
Jiwani-Brown et al. 2022 ) have been implemented in Costa Rica, 
suggesting a number of shared reservoir systems at intermediate 
crustal depths (L ücke et al. 2010 ; DeVitre et al. 2019 ; Jiwani-Brown 
et al. 2022 ). While Nu ̃ nez et al. ( 2020 ) performed a regional-scale 
ANT, Jiwani-Brown et al. ( 2022 ) produced a local-scale ANT of the 
ITVC. Jiwani-Brown et al. ( 2022 ) propose that at about 6 km depth, 
a low-velocity zone may be representative of a common magmatic 
reservoir for the Iraz ú and Turrialba v olcanoes. This reserv oir is 
suggested to be surrounded by a ductile zone. From here, magmas 
may migrate upwards into shallower small-scale reservoirs (possibly 
below the detection limits of Jiwani-Brown et al. 2022 ) feeding Iraz ú 
and Turrialba volcanoes. These tw o reservoirs w ould account for 
the variation in magma composition observed by Benjamin et al. 
( 2007 ), Di Piazza et al. ( 2015 ) and de Moor et al. ( 2016 ). 

LET and ANT are both passive seismic methods, used to map 
subsurf ace velocity structures. Surf ace w aves retrie ved from am- 
bient noise are most suited to resolve large, lateral variations in 
the crustal V S structure, whereas P and S waves released by local 
earthquakes are sensitive to sharp velocity discontinuities at depth. 
In practice, within some limits, the two methods can reveal similar 
large-scale structures like magmatic reservoirs that create notable 
discontinuities laterally and v ertically. Giv en their different yet com- 
plementar y sensitivities, integ rating the two methods could provide 
a more robust interpretation of subsurface features, particularly in 
heterogeneous settings such as volcanic environments (Shirzad & 

Shomali 2015 ; Zhang et al. 2020 ; Chen et al. 2021 ). Previous stud- 
ies where both methods have been performed separately have been 
done at Avacha, Russia (Koulakov et al. 2014 ; Bushenkova et al. 
2019 ), Katla, Iceland (Jeddi et al. 2016 , 2017 ), Toba, Indonesia 
(Stankiewicz et al. 2010 ; Jaxybulatov et al. 2014 ; Koulakov et al. 
2016 ) and Kl yuche vsk oy, Russia (Koulak ov et al. 2011 ; Green et al. 
2020 ; Koulakov et al. 2020b ; Egorushkin et al. 2021 ) volcanoes. 
The y hav e been used to study complex topog raphy (Har tzell et al. 
2014 ), basin environments (Lehujeur et al. 2021 ), industrial seismic 
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azard assessments (Parolai et al. 2001 ) and also volcanic systems
Shomali & Shirzad 2015 ). Recent studies (Parolai et al. 2001 ;
homali & Shirzad 2015 ; Lehujeur et al. 2021 ) revealed high levels
f agreement between ANT and LET. 

This study produces V P , V S and V P / V S models of the ITVC and
urrounding regions using LET. We compare them with the ANT
esults of Jiwani-Brown et al. ( 2022 ). We assess the reliability of
oth methods while gauging whether these two inversion tools can
e complimentary to each other and provide mutually consistent re-
ults within the same volcanic environment and using the same seis-
ic network. Finally, we propose an integrated conceptual model

f the plumbing system of the ITVC. 

 G E O L O G I C A L  C O N T E X T  A N D  

E T H O D O L O G Y  

.1 Seismo-tectonic setting 

he Central America volcanic arc is a succession of volcanoes
xtending from Guatemala to Panama. This volcanism is due to
he oblique subduction of the Cocos plate beneath the Caribbean
late (DeMets 2001 ; K oba yashi et al. 2014 ; Álvarez-G ómez et al.
019 ; Carvajal-Soto et al. 2020 ). The convergence of the Cocos
nd Caribbean plates promotes a number of geological processes
Molnar & Sykes 1969 ; Stoiber & Carr 1973 ; Sallar ès et al. 2000 ;
orabuena et al. 2004 ; Dzierma et al. 2010 , 2011 ; Fig. 1 a). Geodetic

tudies showcase the complex ongoing deformation. Correa-Mora
t al. ( 2009 ), LaFemina et al. ( 2009 ), Franco et al. ( 2012 ), K oba yashi
t al. ( 2014 ), Staller et al. ( 2016 ) and Carvajal-Soto et al. ( 2020 )
etermined the existence of the Central America forearc bloc. This
ectonic sliver propagates parallel to the volcanic arc and perpen-
icular to the axis of subduction, to the northwest. DeMets et al.
 2010 ) noted that the formation of the Panama microplate was also
 consequence of the combination of oblique subduction and the
ivergence of the Nazca plate (Freymueller et al. 1993 ; K ello gg
t al. 1995 ; Lundgren & Russo 1996 ; Carvajal-Soto et al. 2020 ).
onvergence of the Panama microplate and the Caribbean plate is
efined by the North Panama deformed belt (NPDB; Silver et al.
990 ; Camacho et al. 2010 ). The accommodation of deformation
ue to this complex plate interaction is believed to occur within
he disputed region of deformation known as the Central Costa
ica Deformation Belt (CCRDB; Carvajal-Soto et al. 2020 ). Such
 deformation belt results in notable zones of strike-slip seismicity
t shallow depths ( < 20 km) (Marshall et al. 2000 ; Montero 2001 ;
ontero et al. 2013b ; Alvarado et al. 2017 ; Jiwani-Brown 2023 )

efining a zone of complex, diffuse active faulting. 
The Cocos subducting slab is morpholo gicall y di verse and varies

n dip angle along the axis of subduction (Alvarado et al. 2017 ).
o the northwest, the Cocos oceanic crust is steeper dipping and
moother topo graphicall y. To the southeast, the crust is rougher
ue to a succession of seamounts and the Cocos ridge subducting
irectly below central and southern Costa Rica (Carr et al. 2003 ;
lvarado et al. 2007 ; Hoernle et al. 2008 ; Gazel et al. 2009 ). The

omplex slab morphology becomes more buoyant after subduction
ue to a combination of the younger oceanic Cocos plate, reheat-
ng of the Cocos ridge, and collision with the Panama microplate
LaFemina et al. 2009 ). Gazel et al. ( 2019 ) notes an important tran-
ition at the coincidence of the subducted Cocos ridge and ITVC and
he subsequent onset of the Talamanca cordillera to the southwest.
he Talamanca cordillera consists of uplifted juvenile continental
rust (Gazel et al. 2009 , 2019 , 2021 ). 
The ITVC lies within 70 km of densely populated regions, the
urrent capital city of San Jose (Fig. 1 b) and the previous capi-
al, Car tago, fur ther to the southeast. Despite the proximity to the
olcanic cones, eruptive cycles differ between Iraz ú and Turrialba
olcanoes (Di Piazza et al. 2015 ). Iraz ú is now in a period of relative
uiescence (Epiard et al. 2017 ) and is suggested to undergo erup-
iv e c ycles of about 200–400 yr (Alvarado et al. 2006 ). Turrialba
s active and features a well-developed summit and hydrothermal
ystem. Eruptiv e products hav e been characterized as basaltic and
ndesitic (Vaselli et al. 2010 ; Campion et al. 2012 ; Mick et al. 2021 ).
fter remaining quiescent for more than a century, reacti v ation oc-

urred in 1996, until a first phreatomagmatic explosion occurred
n January 2010 (Martini et al. 2010 ; Vaselli et al. 2010 ; Campion
t al. 2012 ; van der Laat et al. 2022 ). Vaselli et al. ( 2010 ) and Mar-
ini et al. ( 2010 ) defined three phases of activity between 1996 and
010, consisting of a seismic-fumarolic stage, followed by increased
eismicity and ground deformation, and finally increased fumarolic
utput, dominated by magmatic fluids. Magmatic-hydrothermal in-
eraction was also confirmed by Vaselli et al. ( 2010 ) and Martini
t al. ( 2010 ) who found that the hydrothermal system had removed
agmatic components from seismically induced fumarolic activ-

ty during the second phase of pre-eruptive activity between 2001
nd 2007. Since then, the activity has evolved from phreatic to
agmatic, in a series of distinct eruptive phases reflecting the path

owards the open-vent phase in 2016 (van der Laat et al. 2022 ). 
The CCRVF, and in particular the ITVC, have evidence of geo-

hemically enriched magmas due to the subduction of the Cocos
idge and offshore Galapagos traps (Hoernle et al. 2008 ; Gazel et al.
009 , 2021 ). This consists of mostly recycled intraplate materials
nd basalts rich in trace elements (Gazel et al. 2021 ). Di Piazza
t al. ( 2019 ) study of petrological data determined that magma in
he ITVC consisted of andesitic products stored in a main reservoir
t ∼13 km depth, often perturbed by injections of deeper basaltic
agma (Alvarado et al. 2006 ). Further geochemical and petrophys-

cal studies explore the previous volatility and future potential for
ruptivity of both Iraz ú and Turrialba volcanoes (Alvarado et al.
006 ; Benjamin et al. 2007 ; Gazel et al. 2009 ; DeVitre et al. 2019 ;
i Piazza et al. 2019 ). Results indicate a diversity of volcanism,
romoting variability in eruptivity and complex regions of magma
torage beneath the subsurface. This includes zones of increased
uctile behaviour and the interconnection of unknown structures
ithin a crystalline mush, with mobile lenses of intrusive bodies,

ncluding sills and dikes (Cashman et al. 2017 ; Ebmeier et al. 2018 ;
dmonds et al. 2019 ). Cooler wedge temperatures suggest that these

egions of melt are spatially spread over large areas beneath the vol-
anic front (Rychert et al. 2008 ; Syracuse et al. 2008 ; Abers et al.
014 ). 

.2 Seismic network 

e deployed 20 broad-band seismic stations in a network surround-
ng the ITVC (Fig. 1 c). The sensors consisted of three-component
anometrics Trillium Compact (20 s and 120 s) seismometers. The

xperiment ran from April 2018 to March 2019. All stations were
quipped with Omnirecs DATA-CUBE3 digitizers, recording con-
inuous ground motion at a sampling rate of 100 Hz. The temporary
etwork integrated two regional permanent networks, namely 16
tations from the Observatorio Vulcanol ógico y Sismol ógico de
osta Rica (OVSICORI) of the Universidad Nacional Autonoma
e Costa Rica and 6 from the Red Sismol ógica Nacional (RSN) of
he Universidad de Costa Rica (RSN 2011 ) (Fig. 1 c). 
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Figure 2. Location of seismic events from the dedicated network. Relo- 
cated seismicity taken from data recorded on our temporary and permanent 
stations during the study period, adapted from Jiwani-Brown ( 2023 ). The 
lower panels show cross-sections along the axis of the ITVC (A–A 

′ ) and 
perpendicularly for Iraz ú (B–B 

′ ) and Turrialba volcanoes (C–C 

′ ). 
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Fig. 2 presents seismicity recorded within our network over the 
11-month period. Jiwani-Brown ( 2023 ) present a detailed interpre- 
tation of the seismicity, relocation of events and focal mechanisms 
of this catalo gue. Onl y e vents falling within a 50 km radius from 

the centre of our network are chosen for this LET study. We also 
constrain the catalogue to satisfy certain selection criteria, also ex- 
plained in more detail by Jiwani-Brown ( 2023 ). Our final data set 
consists of 24,681 phase readings (12,738 P - and 11,943 S -wave 
arri v al times) from 1050 local events. 

2.3 LET algorithm 

For the LET, we use the tomographic algorithm LO T OS (Local To- 
mo graphy Softw are), designed for simultaneous inversions of V P 

and V S velocity structures and source coordinates (Koulakov 2009 ). 
We perform iterativ e inv ersions using LOTOS for V P and V S veloc- 
ity values and arrival time parameters, and source locations based 
on the arri v al times of body waves from local earthquakes. The 
inversion also derives the V P / V S ratio from the independent V P and 
V S velocities. Damping parameters (smoothing and amplitude reg- 
ularization) are determined from synthetic tests with checkerboard 
models and realistic noise distributions. The checkerboard tests are 
also used to assess the resolution of the inverted velocity structure. 
We use synthetic modelling to optimize the damping and misfit 
parameters, and reinforce the reliability of the recovered real-data 
models. 

We use as a star ting 1-D str ucture deri ved b y Jiw ani-Brown 
( 2023 ) from a P -wave trav eltime inv ersion of local earthquakes 
using the software Velest , a Fortran routine designed to derive 1- 
D velocity models for earthquake location (Kissling et al. 1994 , 
1995 ). We also tested re gional-scale v elocity models from Quin- 
tero & Kissling ( 2001 ) and Sallar ès et al. ( 2000 ). Ho wever , after 
repeated tests, we used the local 1-D model as it is closer to the 
local velocity structure, therefore aiding the convergence of the in- 
version. We selected our data for the inversion based on a minimum 

of 5 phases recorded per event and a maximal difference of 1.7 s 
between absolute P and S phase times. Using these parameters re- 
duced our number of events to 904 local events, and 12,161 P - and 
11,346 S -wave arrival time phases. 

Similarly to Koulakov et al. ( 2013 ), Kasatkina et al. ( 2014 ) and 
Bushenkova et al. ( 2019 ), we calculate 5 iterations of the LO T OS 

code. Increasing the number of iterations has a similar effect as 
decreasing the damping value. This number of iterations is cho- 
sen as a compromise between computational cost and minimization 
of non-linear effects. We also improve the resulting 3-D tomog- 
raphy variance reduction. Each iteration within the LO T OS w ork- 
flow (joint earthquake re-location and inversion of velocity) uses a 
least-squares (LSQR) algorithm (Paige & Saunders 1982 ) and the 
updated 3-D velocity model from the previous iteration to deter- 
mine the final 3-D velocity model presented in the results. Source 
relocation and calculations of the new velocity structure is carried 
out using an algorithm that solves for bending ray traces (Um & 

Thurber 1987 ). Inversions performed for V P and V S velocities are 
made using the algorithm derived by Koulakov et al. ( 2007 ). From 

the derived seismic velocities we calculated the V P / V S ratio. 
The LO T OS code uses an adaptive mesh parametrization with 

nodes spacing and distribution proportional to the ray density 
(Koulakov et al. 2013 ). The minimal grid spacing is predefined 
at 3 km laterally and at 1.5 km at depth. We performed the mesh 
calculations at 4 different geographic bearings (0 ◦, 22 ◦, 45 ◦ and 
67 ◦), merged into a single model. Calculating at these bearings 
avoids ar tefacts per taining to g rid orientations (Thurber et al. 2009 ; 
Koulakov 2009 ). 

3  V E R I F I C AT I O N  O F  T H E  M O D E L  

We used various tests to assess the spatial resolution and the chosen 
free parameters of the model. Free parameters are experimentally 
or theoretically estimated variables of a mathematical model and 
include the smoothing and misfit parameters needed to constrain 
the most accurate model when compared to the real data. This 
parametrization allows us to determine if the obtained solutions 
are suitable for the given initial model, and parameters used in 
the calculations. The optimal resolution given the configuration of 
stations is important as it determines the minimum size of seismic 
velocity anomalies that can be interpreted. 
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.1 Odd/even test 

e performed an odd/even test (e.g. Koulakov et al. 2010 , 2013 ;
asatkina et al. 2014 ) to determine the stability of the final velocity
odel. This involves splitting the data set into two groups of equal

ize and obtaining two independent inversions using the same pa-
ameters as for the complete data set. The data set is arbitrarily split
sing the event ID, namely even ID numbers for one group and odd
D numbers for the other. The odd/even test is meant to assess noise
evels in the observed data. If the odd and even inversion results
roduce inconsistent velocity anomalies, this indicates that random
oise could be contaminating the data. The results of the odd/even
est are presented in Fig. 3 as reconstructions of the V P / V S ratio. We
ee that for all the main observable anomalies (later described in
ore detail in Section 4 ) there is no difference between the odd and

ven subsets. 

.2 Checkerboard test 

o determine the ef fecti ve resolution of our network, and provide
he limits to any potential observable small-scale structures from
he results, we performed a series of checkerboard tests (Rawlinson
t al. 2014 ). These are synthetic models with alternating high and
ow velocities (e.g. Koulakov et al. ( 2013 ); Rawlinson & Spakman
 2016 )). The w orkflo w and damping parameters used for the in ver-
ion of the synthetic traveltime data are the same as for the observed
ata. Using the same ray path distribution as for the observed data,
e calculate the traveltimes through the checkerboard model using
 3-D ray bending algorithm. The checkerboard model consists of
he superposition of the 1-D reference model and 3-D anomalies
f 5 km by 5 km in size and ± 7 % amplitude. These synthetic
raveltimes are then perturbed by noise relating to remnant resid-
als after the final inversion to reproduce the level of noise in the
bserved data. Changing the size of the high/low anomalies in the
heckerboard model allows us to determine the minimum size of the
nomaly we can observe. Horizontal map view slices and vertical
epth sections of the recovered checkerboard models (Figs 4 and 5 )
eveal that within the central part of the study area, the 5 km anoma-
ies are resolved well, particularly at shallow depths. As the depth
ncreases, vertical smearing of the velocity pattern is notable, and
ffsets in the relocated sources occur as a consequence of trade-offs
etween data and model variance reduction. We achieve resolution
f 5 km vertical anomalies up to depths of 10 km, while resolution
ncreases to 10 km lateral anomalies between 6 and 10 km depth.
here is a loss of resolution at the edges of our inversion grid,
orresponding also with the boundary of our seismic network. 

.3 Realistic structures test 

ur final verification test is to simulate anomalies of realistic config-
ration for magma chambers beneath the ITVC (Figs 5 g and h). We
resent the V P / V S ratio test as it is the most significant for our inter-
retation. We defined anomalies as a set of polygons in the vertical
–A 

′ cross-section. These synthetic anomalies represent a simpli-
ed interpretation of the plumbing system based on results from the
xperimental data inversion. We applied an addition of 10 % ran-
om noise to account for local traveltime variations at each station.
e resolved the most significant structures. Ho wever , we could not

esolve features smaller than 5 km, such as the conduit connect-
ng the shallow and intermediate depth high V P / V S ratio anomalies
eneath Turrialba. The resolution of main structures supports the
eliability of these realistic synthetic tests and generally concurs
ith the realistic data inversion discussed below. The results of the
hree synthetic modelling methods (odds/evens, checkerboard, re-
listic structures) improve the confidence in the data set and the
erification of resolvable features. 

 R E S U LT S  O F  T H E  T O M O G R A P H I C  

N V E R S I O N  

he residuals between computed and real data can be analysed by
he variance reduction, which represents the quality of the data. Our
ariance reduction was 48 % and 52% for the V P and V S velocity data
especti vel y. These reduction values are relatively high compared
o previous small-scale tomographies on volcanoes (Kuznetsov &
oulakov 2014 ; Garc ́ıa et al. 2019 ). Koulakov et al. ( 2013 ) also

elates higher variance reductions to more numerous higher magni-
ude earthquakes, which can be picked with a higher accuracy. Our
esults are presented as horizontal depth slices (at 2, 4, 6 and 8 km
epths, Figure 6 ) and vertical cross sections ( Figure 7 ). We iden-
ify 7 significant velocity anomalies (Fig. 7 ), interpreted in more
etail throughout the discussion. Anomaly 1 (A1, Figs 7 a and d)
s a low V P ( −15 %) and low low V P / V S ratio (1.6) (Fig. 7 c) zone
0 km along both A–A 

′ and B–B 

′ at around 8 km depth below Iraz ú.
nomaly 2 (A2, Figs 7 b and h) is a low V S ( −15%) and low low
 P / V S ratio (1.85) (Fig. 7 c) zone 40 km along A–A 

′ and 25 km
long C–C 

′ at around 8 km depth below Turrialba. Anomaly 1 and
 correspond with the most prominent absolute low velocity ( V P =
.0 km s −1 and V S = 3.0 km s −1 respecti vel y) features (Fig. 8 ). The
ateral extent of Anomaly 1 and Anomaly 2 overlap between the
wo volcanoes, with a relati vel y low V P and V S anomalies ( −5 %).

e discern a sharp transition in V P / V S ratio, from high (1.8) to low
1.6) separating the two anomalies at 35 km along profile A–A 

′ . We
lso notice a higher concentration of earthquakes at the upper limit
f these low V S velocity anomalies and high V P / V S ratios. 

Anomaly 3 is a low V S ( −15%) and high V P / V S ratio anomaly.
t is at the summit of Iraz ú volcano, located 28 km and 30 km
long profiles A–A 

′ and B–B 

′ respecti vel y and at + 2 km asl (A3,
igs 7 b and e). Anomaly 4 is a high V P ( + 15 %) and low V P / V S

atio anomaly. It is located between the active volcanic centres of
raz ú and Turrialba, extending southwest from + 3 km asl to 2 km
epth, beneath Iraz ú and above Anomaly 1, 30 km along profiles
–A 

′ and C–C 

′ respecti vel y and at + 2 km asl (A4, Figs 7 a, d and
). Noticeable high absolute velocities ( V P = 6.4 km s −1 and V S =
.6 km s −1 ) are at the same location as Anomaly 4 (Fig. 8 ). Anomaly
 is located on the eastern flank of Turrialba volcano, 40 km and
5 km along profile A–A 

′ and C–C 

′ respecti vel y (A5, Figs 7 a, b, g
nd h) and is characterized by high V P and V S ( + 20 %) anomalies.
n the western flank of Turrialba volcano is the low V P and V S 

 −20 %) Anomaly 6, at 3 km asl, 35 km and 28 km along profile
–A 

′ and C–C 

′ respecti vel y (A6, Figs 7 a, b, g and h). The special
istribution of Anomaly 2 and 6 suggests they could be linked. 

Anomalies 3 and 6 coincide with Cluster 1 and 2 of relocated
eismicity (C1 and C2 respecti vel y, Figs 7 c, f and i), spatially dis-
ributed above the intermediate depth Anomalies 1 and 2. Cluster
 is also located beneath Anomaly 5, below the Turrialba summit
t 2 km depth. A third sub-vertical cluster is observed equidistant
rom the two volcanoes at 4 km depth (C3, Figs 7 c and i). From the
epth slice (Figs 6 i–l), we see Anomaly 7, a low V S and high V P / V S 

atios north and east of the Turrialba volcanic summit, up to 8 km
epth (A7, Figs 7 a, b, g and h). Ho wever , these occur at the spatial
imits of our study (Figs 4 and 5 ) and should be verified by further
nvestigations. 
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Figure 3. Odd/Evens synthetic test. Inversion results for two independent subsets of odd and even event numbers. Data are presented as cross-sections passing 
through the ITVC and Iraz ú, for V P and V S (e–h) velocity anomalies, and V P / V S ratio distributions. 
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5  D I S C U S S I O N  

5.1 P assi ve seismic tomographic imaging 

P assiv e seismic tomography capitalizes on energy generated within 
the earth to provide a seismic velocity structure pertaining to partic- 
ular geological domains. We can indirectly infer geological struc- 
tures, fluids and fracturations that may occur within the medium. 
Although LET and ANT may have a shared target of investiga- 
tion, discrepancies will naturally arise due to the different physical 
sensitivities of the wave types, and parametrization and regulariza- 
tion differences that exist within various inversion methodologies. 
LET implements information derived from body waves generated 
by earthquakes. For this, we measure the amplitude and location of 
both V P and V S velocity anomalies, and the relationship between the 
two in the form of V P / V S ratio. We use the V P , V S and V P / V S velocity
structure to interpret subsurface features beneath the ITVC. Pre- 
vious studies (e.g. Nicholson & Simpson 1985 ; Lees & Wu 2000 ; 
Lees 2007 ; Lesage et al. 2018 ) have shown that V P provides mainly 
information about the medium’s composition, while V S and V P / V S 

ratio provide an indication of the compressibility factor, indicating, 
for example, the presence of fluids or fracture zones. We present 
a re vie w of the main ef fects of V P and V S velocity distributions 
according to a number of previous investigations in Table 1 . These 
parameters can also be used to interpret the level of activity and 
whether there is evidence of recent magmatic feeding in the vol- 
canic system (e.g. Koulakov et al. 2013 , 2014 ; Bushenkova et al. 
2019 ; Garc ́ıa et al. 2019 ). The LET relies on ray coverage associ- 
ated with the propagation of seismic wave fronts, meaning lateral 
and depth resolution require a high number and a good distribution 
of seismic events within the aperture of the network (Li & Thurber 
1995 ; Haslinger et al. 2001 ; Koulakov 2009 ; Thurber et al. 2009 ; 
Wu et al. 2009 ). 

ANT makes use of surface waves generated by natural or an- 
thropogenic sources (Brenguier et al. 2007 ; Harmon et al. 2008 ; 
Nicolson et al. 2012 ; Mordret et al. 2013 ). Because surface wave 
dispersion is primarily controlled by V S structure, dispersion curves 
measured between multiple pairs of stations can be inverted for 
3-D V S models under some assumptions (e.g. constant V p/ V s ra- 
tio and density). V S anomalies derived from ANT are useful to 
indicate the presence of fluids and pressure–temperature condi- 
tions. Due to the depth-dependent sensitivity of surface waves 
and dispersion, shorter wavelengths are more sensitive to shal- 
lower structures, whereas at greater depths, the elastic properties 
of the medium are sampled by longer wavelengths (Xia et al. 2000 ). 
The control on spatial resolution for ANT is also dependent on 
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Figure 4. Horizontal resolution checkerboard synthetic test. Checkerboard resolution test at horizontal depth slice of z = 4 km, consisting of alternating 5 
(a–c), 10 (d–f) and 20 (g–i) km wide squares of low and high velocity anomalies ( ±7 %). Dashed outline shows the resolvable area based on the smallest 
checkerboard size. 
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rray geometry (and aperture), the frequency content of ambient
oise measured by the sensors, and more importantly, the ampli-
ude, distribution and directivity of noise (Shapiro et al. 2005 ; Lin
t al. 2008 ; Brenguier et al. 2016 ; Lehujeur et al. 2016 ; Fallahi
t al. 2017 ; Plan ès et al. 2020 ; Lehujeur et al. 2021 ; Cal ò et al.
023 ). 

Given that the source of energy of both techniques varies sig-
ificantly across the two methods, it is important to understand the
imits of both tomography methods. Zhang et al. ( 2020 ) and Lehu-
eur et al. ( 2021 ) compare both methods and determined that ANT
ill produce an improved vertical resolution with increasing depth.
o wever , LET is better at resolving the outlines of magmatic bod-

es, and sharp fracture zones responsible for seismicity. If a spatial
egion is sampled by rays coming from a small range of directions,
elocity anomalies will be smeared along this direction (Thurber
t al. 2009 ; Koulakov 2009 ). As LET relies on earthquakes, inver-
ion results can be more susceptible to smearing vertically if only
hallow events are recorded. However, it can also provide a much
ore ef fecti ve horizontal resolution. It is important to note, this is

ighly dependent on the distribution of earthquakes and therefore
s study specific. 

Multi-physics inversion approaches such as joint inversion of
ody and surface waves represent the next generation of passive
eismic imaging (Sun et al. 2020 ). Because the sensitivity of body
 8  
aves and surface waves are complimentary, joint inversion of
hese data sets into a common parametrization and regularization
cheme would provide more robust and easier-to-interpret tomo-
raphic models. Several studies implementing joint inversion of
ody wave and surface wave data have shown that the resulting 3-D
odels are particularly improved for shallow subsurface structures

nd mitigate the trade-off between source parameters and velocity
hat can bias LET models (Zhang et al. 2014 , 2020 ; Gao et al. 2022 ).
he improvements of a more computationally complex and expen-
ive joint inversion schemes over separate inversions are however
ometimes modest and may in some cases not provide new informa-
ion on the major structures of interest (Zhang et al. 2014 ). Future
ork could explore joint inversion of the body wave and surface
ave data acquired at the Iraz ú and Turrialba volcanoes and as-

ess potential impro vements o ver the results presented in this study.
ere, we prefer to compare the two models obtained from separate
ET and ANT inversions and derive from them a unified interpre-

ation while keeping in mind differences in resolution and inversion
chemes. 

.2 Plumbing system of the ITVC inferred from LET data 

e present several interpretations for the identified anomalies at
 km depth, that could indicate the presence of a complex magmatic

art/ggae054_f4.eps
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Figure 5. Vertical resolution synthetic tests. Checkerboard resolution test for vertical depth slices of the ITVC consisting of alternating 5 (a, c, e) and 10 (b, 
d, f) km wide squares of low and high velocity anomalies ( ±7 %). Dashed outline shows resolvable area based on the smallest checkerboard size. Original (g) 
and inversion (h) of synthetic test using realistic features. 
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reservoir beneath the Iraz ú and Turrialba volcanoes, with parts of 
the system differing in physical state (Figs 6 and 7 ). We suggest that 
the system is not a singular homogeneous reservoir, but consists of 
multiple magmatic bodies that are fed by a laterally varying source. 
This interpretation supports previous authors who propose a shared 
magmatic system occurs below the ITVC. Previous petrological (Di 
Piazza et al. 2019 ) and melt inclusion studies (Benjamin et al. 2007 ; 
Di Piazza et al. 2019 ) found eruptive products from both volcanoes 
presented properties that could be indicative of a shared reservoir. 
For example, Di Piazza et al. ( 2019 ) found andesitic magma from 

both systems formed at pressure and temperature conditions corre- 
sponding to a depth of ≈ 12 km below the eruptive centres, while 
Benjamin et al. ( 2007 ) and Di Piazza et al. ( 2019 ) estimate similar 
water contents within exhumed magma from both systems. Geode- 
tic (Battaglia et al. 2019 ) and gravity (L ücke et al. 2010 ) data also 
suggest a shared magma reservoir. 

We propose that the discrete transition of low to high V P / V S ra- 
tio characterized b y Anomal y 1 and 2 (35 km along profile A–A 

′ 

at ≥ 4 km depth, Fig. 7 c) indicates a multi-state magmatic sys- 
tem below the ITVC. The low V S Anomaly 2 observed below the 
summit of Turrialba volcano may be indicative of higher fluid satu- 
ration levels (Nicholson & Simpson 1985 ; Lees & Wu 2000 ; Lees 
2007 ; Lesage et al. 2018 ). The high V P / V S ratio suggests poten- 
tial partial melt (Lees 2007 ; Koulakov et al. 2007 ; Kasatkina et al. 
2014 ; Bushenkova et al. 2019 ) (Table 1 ). Similar V S anomalies and 
high V P / V S ratio have been used to identify partial melts in vari- 
ous volcanic settings including Kl yuche vskoy volcano (Koulakov 
et al. 2017 ), Ne v ado del Ruiz volcano (Vargas et al. 2017 ), Mount 
Spurr volcano (Koulakov et al. 2018 ) and in Kamchatka, Russia 
(Bushenkova et al. 2019 ). The V P / V S ratio and width of Anomaly 
2 decreases with depth, indicating the sub-vertical elongation of a 
plumbing system culminating with the 8 km depth reservoir. The 
sub-vertical feature could also be explained by a decrease in ver- 
tical resolution. Gonz ález-Vidal et al. ( 2018 ) suggest that similar 
plumbing systems of andesitic volcanoes may consist of superim- 
posed dike complexes. Such a dike complex is compatible with our 
observations and the ones of previous authors (Cashman et al. 2017 ; 
Edmonds et al. 2019 ). Although these V P and V S anomalies are pre- 
dominantly low, we observe a transition of relati vel y increasing V P 

and decreasing V S velocity anomalies as we move eastwards from 

Iraz ú to Turrialba (Figs 7 a and b). Previous studies propose that low 

V P anomalies in volcanic settings can also be attributed to hydrother- 
mal alteration (Pola et al. 2012 ; Lesage et al. 2018 ). Similar values 
have also been attributed to critical transitions from liquid to gas due 
to decreasing pore pressure (Lees 2007 ; Lesage et al. 2018 ). This 
phase change is due to decompression (Christopher et al. 2015 ) and 
has been observed by decreasing V P / V S ratio values, for instance, in 
the LET results of Ne v ado de Huila volcanic complex in Colombia 
by Garc ́ıa et al. ( 2019 ). We propose that Anomaly 1 beneath Iraz ú 
may represent an older , no w cooling sub-horizontal sill-like melt 
intrusion, not currently fed by the deeper magmatic system. The 
lateral structure of these velocity anomalies may be explained by 
the extension of an intermediate magmatic reservoir beneath the 
Iraz ú and Turrialba volcanoes, in two distinct physical states of gas 
and liquid respecti vel y. The immediate contrast from high to low 

V P / V S ratio could imply a distinct lack of liquid (or melt) transition 
occurring within this re gion, howev er the low V P and V S Anomaly 
1 and 2 suggest a more gradual transition. These results correspond 
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Figure 6. Horizontal velocity anomaly depth sections. Inversion results of the experimental data for V P (a–d) and V S (e–h) velocity anomalies, and V P / V S 

ratio distributions (i–l). The horizontal depth sections are at 2, 4, 6 and 8 km depth. The located sources for each depth interval are shown with dots, triangles 
represent the location of the active volcanic centres of Iraz ú and Turrialba. The main tectonic features from Fig. 1 are also indicated. 
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o DeVitre et al. ( 2019 ) who postulates a magmatic reservoir above
0 km depth, interpreted from gravity modelling (L ücke et al. 2010 )
nd seismically induced degassing (Conde et al. 2014 ). Alvarado
t al. ( 2006 ); Di Piazza et al. ( 2019 ) propose the existence of a
id-crustal, main feeding reservoir at ≈ 15 km depth. Ho wever ,

his is deeper than the vertical limits of our study. 
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Figure 7. Vertical velocity anomaly cross-sections. Inversion results of the experimental data for V P and V S velocity anomalies, and V P / V S ratio distributions. 
Presented as vertical cross-sections parallel through and the ITVC (profile A–A 

′ ) (a–c), and perpendicular to the ITVC through Iraz ú (profile B–B 

′ ) (b–f) and 
Turrialba (profile C–C 

′ ) (g–i) up to a depth of 12 km. The located sources for each vertical section are shown with grey dots. Velocity anomalies (A) and 
seismic clusters (C) interpreted in the text are also plotted. 

Figure 8. Vertical absolute v elocity cross-sections. Inv ersion results of the experimental data for absolute V P (a–c) and V S (d–f) velocity values. Presented as 
vertical cross-sections parallel through and the ITVC (profile A–A 

′ ), and perpendicular to the ITVC through Iraz ú (profile B–B 

′ ) and Turrialba (profile C–C 

′ ) 
up to a depth of 12 km. The located sources for each vertical section are shown with grey dots. 
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The seismicity of Cluster 3 at 32 km along profile A–A 

′ and at 
3 km depth (C1, Fig. 7 c) of relocated seismicity also occurs between 
the high and low V P / V S ratios between Anomaly 1 and 2, indicating 
a region of brittle deformation at the shallow limits of this bound- 
ary. We propose that ductile deformation is promoted between these 
regions of low V P and V S , supported by a lack of seismicity. This 
provides physical evidence for a rheological separation from the 
surrounding host rock. We use the distribution of seismicity to in- 
fer the upwards migration of fluids through cracks and regions of 
brittle fracturation (van der Laat et al. 2022 ). Specifically, the spa- 
tial spread of the Cluster 2 seismicity is from the upper limit of 
Anomaly 2 at 4 km depth to the summit of Turrialba (Figs 7 a–c and 
g–e). Cluster 2 (C2, Figs 7 c and i) aligns with the acute transition 
between the high and low seismic velocity anomalies 5 and 6, re- 
specti vel y, 40 and 25 km along profile A–A 

′ and C–C 

′ (A5 and A6, 
Figs 7 a, b, g and h). This sharp contrast and vertical alignment of 
seismicity could represent a fault or a domain accommodating the 
upward migration of fluids released from the intermediate depth, 
Anomal y 1 reservoir. Pre vious studies suggest that this may indi- 
cate the presence of gas (Takei 2002 ; De Siena et al. 2010 ; Lesage 
et al. 2018 ). In line with previous authors (Conde et al. 2014 ; de 
Moor et al. 2016 ; Kuznetsov et al. 2017 ; Koulakov et al. 2018 ; 
Bushenkova et al. 2019 ), we propose that such anomalies may be 
caused by the degassing magma and the active plumbing system of 
the ITVC. Branches of seismicity appear to settle beneath the lower 
depth (2 km) of Anomaly 6, suggesting the existence of a possible 
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Table 1. Re vie w of major ef fects on V P and V S velocities, and V P / V S within a volcanic environment. 

Cause Effect on V P Effect on V S Further comments Source 

Temperature increase Decrease Decrease V P decreases less than V S therefore V P / V S increases (Lees 2007 ; Lesage et al. 2018 ) 
Presence of fluid (e.g. mineral 
precipitation) 

Decrease Decrease V S decreases more than V P therefore V P / V S increases (Lees 2007 ; Adam & Otheim 2013 ) 

Phase change (e.g. liquid to gas) Decrease Decrease At phase transition critical temperature, significant V P 

increase therefore decrease in V P / V S 

(Takei 2002 ; Lees 2007 ; Adam & 

Otheim 2013 ) 
Partial melt Decrease Decrease V P decreases less than V S therefore V P / V S increases (Iyer & Hirahara 1993 ; Lesage et al. 

2018 ) 
Hydrothermal alteration Decrease Uncorrelated Caused by formation of new pores, clay minerals and 

change of interconnected cavities 
(Pola et al. 2012 ) 

Ef fecti ve pore pressure increase (dry 
medium) 

Increase Increase Closing of compliant microcracks (Vinciguerra et al. 2005 ; Nara et al. 
2011 ) 

Ef fecti ve pore pressure increase 
(saturated medium) 

Decrease Decrease Opening of compliant microcracks due to reduction of 
ef fecti ve pressure 

(Vanorio et al. 2002 ) 

Orientation with principal axis 
(perpendicular to σ 1 ) 

Decrease Decrease V P / V S increases (Heap et al. 2014 ) 

Orientation with principal axis 
(parallel to σ 1 ) 

Increase Increase V P / V S decreases (Heap et al. 2014 ) 

Compressibility increase (gas) Increase - V P / V S decreases (Lees 2007 ; Lesage et al. 2018 ) 
Compressibility increase (liquid) Decrease - V P / V S decreases (Lees 2007 ; Lesage et al. 2018 ) 
Igneous rock (felsic to mafic) Increase Increase V P decreases more than V S therefore V P / V S increases (Christensen 1996 ) 

Figure 9. LET and ANT cross-section comparisons. Cross-sections of velocity anomaly models, presented as a comparison of results obtained from the LET 

(a–f) for the ITVC and Iraz ú with results from Jiwani-Brown et al. ( 2022 ) ANT (g–h) study. The black dashed lines delimit the area of preferred resolution for 
both studies. 
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hallo w reservoir , 1 km beneath the summit of Turrialba. In this
ramework, the basaltic-andesitic magma storage region postulated
y DeVitre et al. ( 2019 ) would accommodate the mixing between
resh and stagnant rhyolitic residual magma from previous eruptive
vents (de Moor et al. 2016 ; Rizzo et al. 2016 ). 

We suggest that the shallow, high V P velocity Anomaly 4 between
he centre of the ITVC (2 km depth) may indicate the remnants
f earlier episodic magmatism associated with the Iraz ú volcano.
ontero et al. ( 2013b ) remarked that volcanic activity during the

ate Quater nar y interacted with the perpendicularly intersecting ac-
ive strike-slip fault system (R ́ıo-Sucio, Azul and Tucurrique faults,
ig. 1 b), and coincided with a significant increase in volcanic ac-

ivity. The Finca Libres volcanic depression is a surface expression
ssociated with eruptivity in the Quater nar y at the ITVC (Mon-
ero et al. 2013a ). In general, high-velocity structures in volcanic
nvironments are explained by solidified or crystallized magmatic
uids (Berger et al. 2011 ; Shomali & Shirzad 2015 ). We suggest

hat Anomaly 4 could be evidence of the ancient, cooled magmatic
ntrusion responsible for the Finca Libres depression. High-velocity
nomalies at shallow depths have pre viousl y been attributed to over-
ressured solidified igneous rock, for example in Popocat épetl vol-
ano, Mexico (Kuznetsov & Koulakov 2014 ). Villegas Alvarez et al.
 2019 ) used receiver functions to deter mine V S str uctures beneath
eismic stations deployed at Iraz ú volcano. They found notable
igh-velocity zones at similar depths ( ≤ 5 km) to Anomaly 4, also
ttributing it to cooled portions of dense volcanic rocks. This high
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Figure 10. ITVC conceptual magmatic anatomy. Conceptual model of the feeding system beneath the ITVC. The interpretation made over the resultant 3-D 

V P / V S ratio distributions. Limits of low and high velocity anomalies, magmatic transfer zones and liquid fluid transfer zones are marked. Extent of ductile zone 
is shown with black dotted lines. Grey dots show the localized seismic events. Vertical scale is exaggerated to clearly highlight the subsurface features. 
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V P and V S anomaly also propagates beneath Iraz ú, and could present 
as a natural cap above the intermediate depth shared reservoir. A dif- 
ference in physical state also supports the presence of this anomaly. 
We propose the contrast between Anomaly 1 and 3 explains the 
lack of recent activity beneath Iraz ú volcano, acting as a stopper 
for magmatism beneath Iraz ú and promotes the accumulation of 
magmatic fluid beneath Turrialba volcano, within this multi-state 
magmatic reservoir. Relocated seismicity is also notable within this 
anomaly. Decreasing thermal stresses on volcanic rock can reduce 
the medium’s strength (Heap & V iolay 2021 ), allo wing for such 
non-elastic, brittle deformation, evident in other andesitic volca- 
noes such as Volc án de Colima (Heap et al. 2018 ). The seismicity 
of Cluster 1 associated with the high V P Anomaly 4 also appears 
sub-vertical inferring a potential plane that facilitates slip. Jiwani- 
Brown ( 2023 ) produce a study of the seismicity over the same 
period as our LET and resolved fault solutions indicating principal 
horizontal stresses supporting a strike-slip regime in this region. 
Previous applications of LET for fault zones (Koulakov et al. 2010 ) 
revealed that the emplacement of bodies within a shallow, fractured 
fault zone such as that off the southeastern flank of Iraz ú (Ville- 
gas Alvarez et al. 2019 ), can be revealed by similar high-velocity 
anomalies. 
Christopher et al. ( 2015 ) remark that large differences in viscosity 
and density can be attributed to the separation of melt and magmatic 
fluids during periods of eruptive stability. If this occurs, pressure 
in the system increases while crystallization in magma causes a 
counteracting contraction. We suggest the presence of upw ardl y 
migrating exsolving magmatic fluids, supported by the shallow, high 
V P / V S ratio Anomaly 3 below Iraz ú summit. Epiard et al. ( 2017 ) 
observed fumaroles and hot springs at Iraz ú in 2015, and recent 
reports from local monitoring authorities (OVSICORI-UNA 2020 ) 
hav e observ ed deflation of volcanic surface and the emergence of a 
crater lake from 2010 up until at least 2018. Processes associated 
with a deflating body could also be responsible for these shallow 

low-velocity values. Christopher et al. ( 2015 ) also state that this 
process occurs at timescales of 10 3 to 10 4 years. It is possible that 
the exsolution of fluids in the late-Quater nar y volcanic deposits 
mentioned pre viousl y could be responsible for this. 

The nor ther n extent of the ITVC consists of a dense jungle and 
a vast array of river systems. It also experiences the second high- 
est rainfall levels in Costa Rica (Waylen et al. 1996 ). We suggest 
that high V P / V S ratios (e.g. Anomaly 7) on the nor ther n and easter n 
flanks of both volcanoes (and at the lateral extreme of our model) 
could be caused by a combination of unconsolidated magmatic rock 
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nd shallow concentrations of down-welling w aters. Pre vious ob-
erv ations b y K oulakov et al. ( 2020a ) and K oulakov et al. ( 2021 )
roduce similar velocity anomalies, and propose that meteoric wa-
er penetrating into the volcanic edifice is the cause. These fluids
ould also penetrate onto the footwall of recorded thrust faults,
.g. the Siquirres fault (Fig. 1 b). The LET study b y Geof froy &
orbath ( 2008 ) also attributed high V P / V S ratio anomalies the deep
ercolation of meteoric fluids to depths up to 6 km in an oblique,
ranstensional volcano-tectonic environment. Studies by Crawford
t al. ( 2013 ), Coulon et al. ( 2017 ) and Wilks et al. ( 2017 ) notice
hat when a hydrothermal system is formed, increases in volcano-
ectonic seismicity are observed in volcanic environments. We do
ot observe a high number of earthquakes in this region, suggest-
ng that there may not be any interactions between the magmatic
ystem and potential meteoric fluids. These anomalies are also at
he limit of our resolved area, which can affect the magnitude of
hese anomalies. Jiwani-Brown ( 2023 ) also noted that stations to the
ortheast of the network experienced the largest arri v al time delays
f almost 10 ms. This delay could be a consequence of an extreme
hange in topography and slower seismic velocities in the backarc
asin. 

.3 ANT versus LET and final conceptual model 

e present a comparison of our results obtained by LET to those
chie ved b y Jiw ani-Brown et al. ( 2022 ) using ANT imaging tech-
iques in Fig. 9 . To provide consistency and continuity, we used the
ame initial velocity model in this LET study as that used for the
NT (Jiwani-Brown et al. 2022 ). However, as there is a trade-off
etw een the a v erage v elocity models and the origin of the sources,
he effects on the final model will be much greater on the LET, an
bservation shared by Lehujeur et al. ( 2021 ). 

We observe the most prominent low-velocity anomaly for the two
ethods at 6–8 km depth. Jiwani-Brown et al. ( 2022 ) speculate this

o be a singular magmatic body, surrounded by a complex, ductile
ush. Based on the LET imaging, we instead speculate that this is
 collection of cooling (low V P ) and hot (low V S , high V P / V S ) mag-
atic features, forming at similar depths, supplying the volcanic

difices of the ITVC separately. This singular anomaly recovered
 y Jiw ani-Brown et al. ( 2022 ) could be a consequence of the hori-
ontal smoothing applied in our two-step ANT inversion approach,
nd also the depreciation of resolution with depth. We could also
ttribute the depreciation of resolution to parametrizing the 3-D
epth inversion into six initial layers, performed by Jiwani-Brown
t al. ( 2022 ). Topography may also affect our results, with many
ajor LET anomalies apparent in the 3 km asl. Areas of high relief

an cause distortion in depth distributions of velocity structures, ef-
ecti vel y shortening the ef fecti ve path along which the surface wave
ill propagate, causing a decrease in the observed velocities within

egions of topographic variations (Wang & Sun 2019 ). Ho wever ,
ang et al. ( 2017 ) suggested that surface waves were not detri-
entall y sensiti ve to similar v ariations in topo graphy we see in our

tudy. They conclude that only low-period ( < 4 s) Rayleigh waves
re affected, and even then, only by a negligible amount relative to
he retrieved velocity anomalies. We see from Fig. 9 coherence be-
ween the two model outputs. It is only when we recover the V P / V S 

atios that this discrepancy becomes most apparent. Given that sur-
ace waves should provide good resolution at shallow depths, this
s countered by the suppression of velocities that would occur in
he volcanic edifice, into the shallower few kilometres below 0 km
epth. Despite this, we still observe the same proposed shallow,
ooled magmatic body, observable from high V P and V S velocity
nomalies, at 1 km depth of both ANT cross-sections (Figs 9 g and h).
here are differences in resolution between the tw o in version meth-
ds. Ho wever , we do see similarities to suggest that the proposed
oncept within this study holds true. Similarities between ambient
oise and local earthquake imaging methods are observed in vol-
anic environments at Avacha (Koulakov et al. 2014 ; Bushenkova
t al. 2019 ), Katla (Jeddi et al. 2016 , 2017 ), Toba (Stankiewicz et al.
010 ; Koulakov et al. 2016 ), Kl yuche vsko y (Koulako v et al. 2011 ;
reen et al. 2020 ) and also in other tectonic environments (e.g.
homali & Shirzad 2015 ; Lehujeur et al. 2021 ) where comparable
elocity anomalies were found. 

Fig. 10 presents our conceptual model of the ITVC, mainly de-
ived from local ear thquake tomog raphic inversions. We propose a
rans-cr ustal str ucture consisting of the emplacement of magmatic
odies over various timescales, existing within a ductile domain.
he nature of such a system is described by Christopher et al.
 2015 ), Cashman et al. ( 2017 ) and Edmonds et al. ( 2019 ) as a large
egion of transient vertical melt transfer from the lower to the up-
er crust. We suggest that this diverse combination of cooled and
ot magmatic bodies helps facilitate deformation associated with
egional-scale oblique subduction and the formation of the forearc
liver and Panama microplate tectonic blocks. Jiwani-Brown ( 2023 )
uppor t this obser v ation from locall y inverted focal mechanisms
nd principal horizontal stress calculations. There is evidence for a
econd stage of magma transfer from the lower to mid/upper crust
eneath the proposed emplaced magmatic bodies, evident from the
ontinuation of Anomaly 1 and Anomaly 2 to depths of 12 km and
reater. This region of magma transfer is at the limits of our vertical
esolution; ho wever , it does coincide with a low-v elocity re gion of
he ANT (Jiwani-Brown et al. 2022 ) at similar depths beneath the
ntermediate depth reservoir. Interpreted by a markedly lower V P to
 S velocity, we speculate that the anomaly at 6 km below Iraz ú is
ndergoing a liquid-to-gas phase transition, instigated by cooling
nd decompression of magmatic fluids (Table 1 ). Hydrothermal al-
eration could also be responsible for increasing the proportion of
as-phase fluids and decreasing permeability (Epiard et al. 2017 ).
lthough Iraz ú is not currently active, Mick et al. ( 2021 ) observed

hat magmatic–hydrothermal interactions with alteration minerals
ed to hydrothermal sealing and subsequent phreatic eruptions be-
eath Turrialba. If upwelling magmatic fluid were to re-accumulate
eneath the Iraz ú volcano, we could observe similar eruptive ac-
ivity to that of the neighbouring Turrialba volcano. An additional
ntruded magmatic body occurs below the edifice of Turrialba at
–8 km depths, where anomalies of low V S and high V P / V S ratio in-
icate the potential for partial melt. We speculate that this younger
agmatic body is the system responsible for continued activity at

urrialba, in the form of degassing from upward migrating volcanic
uid (Conde et al. 2014 ; de Moor et al. 2016 ; van der Laat et al.
022 ). 

 C O N C LU S I O N S  

e constructed three 3-D seismic models of the ITVC using LET.
e compared our results to previous ANT obtained with data

ecorded on the same seismic network, over the same period be-
ween April 2018 and March 2019. The ANT model contains V S 

elocities, and the LET models contain V P and V S velocities and the
atio of these two parameters. 
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We observe two prominent contrasting anomalies beneath the 
Iraz ú and Turrialba volcanoes at depths of 8 km. The anomaly be- 
low Iraz ú has low V P and low V P / V S ratios (as low as 1.60) that 
we associate with a cooling, pre viousl y intruded magmatic fluid 
undergoing hydrothermal alteration and a phase change from liquid 
to gas. The upper limit of the anomaly below Iraz ú at 6 km depth 
coincides with a cluster of seismicity we attribute to degassing from 

decompression. The anomaly below Turrialba has low V S and high 
V P / V S ratios (reaching 1.85) that we associate with recently em- 
placed, active magmatic liquids responsible for the current surface 
activity of Turrialba. We interpret the subvertical cluster of seismic- 
ity at the upper limit of this anomaly to the upward migration of 
fluid between the magma reservoir and the surface caldera. Corre- 
sponding low V P and V S anomalies suggest a shared reservoir with 
a complex anatomy of multiphase fluids and temporarily varying 
magma emplacement. 

Two high V P / V S ratio anomalies at 1–2 km below the summit of 
each volcano are attributed to the interaction of upward migrating 
fluids and hydrothermal systems directly below both Iraz ú and Tur- 
rialba. Similar values of high V P / V S ratio anomalies on the flanks 
of the volcanoes are attributed to the deep percolation of meteoric 
water in regions of high precipitation and denser river systems. 

We present high V P and V S and low V P / V S ratio anomalies at 
2 km asl between the two volcanic centres. These are interpreted 
as ancient, dried magmatic intrusions associated with the Finca 
Libres volcanic depression, formed during eruptive periods in the 
Quater nar y. 

Our comparison between LET and ANT methods reveals remark- 
able compliance of spatially located velocity anomalies at both inter- 
mediate and shallow depths. This compliance provides confidence 
in the two methods for imaging complex, heterogeneous structures 
such as volcanic systems. We present improvements in the lateral 
resolution achie ved b y the LET, and also a more detailed interpreta- 
tion of the fluid content and active state of magmatism beneath the 
ITVC. The ANT provides improved depth resolution, allowing us 
to interpret the lower limit of the magmatic systems at 10 km depth. 
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