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ARTICLE INFO ABSTRACT

Keywords: The spatiotemporal distribution of volcanic activity poses a significant challenge to risk mitigation measures, as
Ge"d‘ftlc monitoring it is still largely unexplored in most of the volcanic systems. In this study, we re-assess the deformation observed
fr“p,“"“ by leveling surveys covering the nationwide tragedy 1963-1965 Irazi eruption in Costa Rica with a state-of-the-
razu

art analytical source inversion model. We combine the analytical model results with recent geophysical,
geochemical, and petrology data to build a geological model of Irazi and its 10 km-distant Turrialba volcano.
Based on the leveling survey, the source inversion model finds a reservoir between 5 and 7 km below the Irazd
crater which is deeper than previously published. We also confirm that the source location is on top of the mid-
crustal reservoir that was feeding Turrialba between the 2010-2022 eruptions. Using previous seismic tomog-
raphy, gravity, petrology, and geochemistry study of Turrialba and Irazt, as well as other studies conducted on
nearby volcanoes worldwide, we find that Irazt and Turrialba volcanoes likely share a mid-crustal plumbing
system which could suggesting that their plumbing systems are interconnected with each other. These findings
have important implications on the spatiotemporal distribution of the volcanic activity and for the 2.8 million
inhabitants settled within a 50 km radius. Observations during recent episodes indicates that inflation beneath
Irazi has the potential to trigger eruptive activity at either Iraza or Turrialba. While further analysis is required
to assess the tectonic control on volcanic activity, tectonic processes may shape both short- and long-term vol-
canic activity. These results have global implications for risk mitigation measures for nearby volcanoes.

Turrialba volcano
Magma reservoir
Leveling

1. Introduction eruptive behavior pattern (e.g., Jaggar, 1912; Klein, 1982). Klein (1982)
showed that an eruptive activity on Kilauea prolonged Mauna Loa
repose time. In the last decade, Mauna Loa was inflating but had not

erupted since 1984, while the Kilauea volcano was almost continuously

An understanding of the spatiotemporal distribution of volcanic ac-
tivity and what controls it is of the utmost importance to anticipate the

eruption’s location, size, and timing. Yet, it mainly remains unknown or
with important oversight on most of the volcanic systems. Its relevance
was recently illustrated by the 2021 La Palmas eruption on Canary Is-
land (Carracedo et al., 2022) and the 2022 Mauna Loa eruption (USGS
report). In the first case, a 20 km-long rift zone fed 8 eruptions during the
last 6 centuries with no apparent spatiotemporal correlation. The 2021
eruption emitted lava 16 km further north than the previous eruption. A
few months before the 2021 eruption, the location of the erupting site
remained uncertain (Fernandez et al., 2022). Geophysical observations
detected a minimum of 2 very shallow dikes up to 8 km from the 2021
vent. In the second case, Mauna Loa and the 30 km distant Kilauea
volcano have shown close interaction and even an anticorrelated

erupting. Whether Mauna Loa and Kilauea share the same deep reservoir
is still debated, but recently Gonnermann et al. (2012) showed that
stress changes within a thin, porous layer (i.e., magmatic reservoir)
could explain the anti-correlation between volcanoes. Przeor et al.
(2022) differed on the controlling mechanism and suggested that stress
changes due to the inflation of a reservoir in one volcano might control
the volcanic activity on the other, without the need for a connected
plumbing system. This phenomenon mirrors findings at Eyjafjallajokull
in Iceland, as detailed by Albino and Sigmundsson (2014), highlighting
similar volcanic dynamics. Setting aside the controversy raised by
Przeor et al. (2022), inferring the location, geometry, and process con-
trolling the plumbing system could provide an understanding of the
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spatiotemporal distribution of volcanic activity on nearby or extended
volcanic systems.

Irazt and Turrialba volcanoes in Costa Rica are referred to as two
distinct volcanoes, yet they share a common basement, and their craters
are only 10 km distant. This promiscuity created legitimate fear and
questions from the population of Costa Rica about the possibility of
reactivation of Irazi when Turrialba started a new eruptive period in
2010-2022, particularly among the 2.8 million inhabitants (~60% of
the population of the country) within 50 km around both volcanoes.
Irazt forms a complex andesitic shield with about a dozen N-S aligned
cusp and adventitious craters and pyroclastic cones as well as several
avalanche calderas. Turrialba has only three well-defined cuspidal cra-
ters, NE-SW aligned, but several remnants and two adventitious pyro-
clastic cones as well as two avalanche calderas (Alvarado et al., 2006).
Irazi has a larger volume and is twice as old as Turrialba (Table 1).
Stratigraphic studies include tephra deposits, lava flows, lahars, and
debris avalanche deposits indicating frequent activity on both volcanoes
during the last 50 ka, although of different frequencies and styles.
During the upper Holocene, Irazi eruptions are more frequent than
Turrialba’s, with an average recurrence period of 110 years and 230
years, respectively. In terms of eruption style, Turrialba produced up to
Plinian and sub-Plinian eruptions, while Irazi eruptions are less explo-
sive (Alvarado et al., 2020, Alvarado, 2021). Irazi is on a trans-extensive
tectonic regime while Turrialba is on a trans-pressive regime (Calvo
et al.,, 2019 Alvarado et al., 2021) (Fig. 1). Petrological data of the
1963-1965 eruption shows that Irazti magma ascended in months to
years (Ruprecht and Plank, 2013), while Turrialba 1864-1866 and
2010-2022 eruptions showed a decade long re-awakening (i.e., 16 and
24 years, respectively) (Martini et al., 2010; Alvarado et al., 2021). The
basaltic to andesitic magma component is similar for both volcanoes in
the Upper Holocene, but slightly more acidic at Turrialba (Reagan et al.,

Table 1
Comparison of the major characteristics of Irazi and Turrialba volcanoes.
Characteristics Irazi Turrialba
Elevation (m a.s.l.) 3427 3325
Height above lowland 3200 2900
(m)
Area (km?) 700 663
Volume (km®) 359 300
Estimated age of the 200 100

most recent volcanic

edifice (ka)
Historical eruptions 1723-1724, 1917-1921,
1924, 1928-1930, 1933,
1939-1940, 1963-1965

36-120 (average: 110)

1864-1866, 2010-2022

Recurrence period of
eruptions in years (a)
for the last 2.6 ka

62.5-319 (average: 230)

Re-awakening time <4 16-24
before eruption
(years)
Eruptive style Strombolian to vulcanian Strombolian to Plinian
SiO, wt% in Upper 51-58 50.5-61.7
Holocene (banded (58.6-63)
tephra)
Basalt composition Unusual high-Nb concentrations (OIB)
Petrological Similar Sr and Nd isotopic compositions
composition

Trans-extensive
Sea level below its crater

Tectonic regime
Shallow magma

Trans-pressive
Various depths below the

storage crater

Mid-crustal magma 9-15 km b.s.l. 6-17 km b.s.l.
storage

Seismological and Low seismic velocity and Inflation pattern detected
Geodetic gravity zone, 5 to 10 km at Irazi during the
observations below the summit, 2010-2022 Turrialba

between Irazi and
Turrialba

eruption; migration of
seismicity from Irazt
toward Turrialba during
the latter’s eruption.
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2006), although some Irazii banded tephras are more silicic (Alvarado
et al.,, 2006). During the 1963-1965 Irazti eruption, leveling data
inverted using a point source model (Mogi, 1958) suggests a pressure
source located about 1-2 km b.s.l. beneath the Irazi summit (Murata
et al., 1966).

Petrological and geophysical observations provide indications in
favor of a possible interaction between the two volcanoes’ plumbing
systems. Both volcanoes have basalts with high Nb concentrations like
those of intraplate basalts, similar Sr and Nd isotopic compositions, as
well as, major, minor, and trace elements of rocks and glass composi-
tions (Feigenson and Carr, 1986; Reagan and Gill, 1989; Alvarado, 1993;
DeVitre et al., 2019). The seismological and geodetic data provide more
substantive evidence of a potential connection between these volcanoes.
Both volcanoes share a region of low seismic velocity and gravity zone in
the upper crust (5 to 10 km below the summit), which is interpreted as a
magma storage region (Husen et al., 2003; Liicke et al., 2010; Jiwani-
Brown et al., 2022). The migration of volcano-tectonic seismicity from
the western flank of Irazti toward Turrialba during Turrialba’s eruption
(2015-2016) suggests a magma injection from the mid-crust below Irazt
to a shallow level below Turrialba (van der Laat et al., 2022). Between
2014 and 2016, a continuous GPS network spread over Turrialba and
Irazi detected an inflation pattern centered on Irazi while Turrialba was
erupting (Battaglia et al., 2019).

Although, the migration of volcano-tectonic seismicity from Irazi to
Turrialba, the shared low velocity zone between Irazt and Turrialba, as
well as the inflation pattern at Iraza during Turrialba’s eruptive phase
point toward an intricated magmatic system, it is not clear whether the
Irazi and Turrialba volcanoes are two nearby but separated volcanoes or
if they interact or share part of their plumbing system. However, amidst
the 1963-1965 Irazt eruptive period, deformation was detected be-
tween the 1958 leveling survey and two leveling surveys in 1964
(Murata et al., 1966). Through the application of state-of-the-art models,
the 1958-1964 leveling data has the potential to unravel new insights
into the dynamic interplay between the volcanoes. Until recently, the
crucial leveling observations were buried in some archives and only
Murata et al. (1966) indications on the source were available. However,
after some investigations, we have finally uncovered the original results.
In this study, we feed analytical models with the disclosed 1963 leveling
surveys to infer the parameters of the source generating this deforma-
tion. Then, a rigorous comparison is conducted between the resulting
source parameters and those obtained in 1966. Additionally, we
compiled in the same reference frame, the modeled source with the deep
magma reservoirs inferred from the 2014-2016 deformation signal
which accompanied the 2010-2022 Turrialba eruption as well as the
most important previous geochemical, petrological, and seismic studies.
This comprehensive analysis provides critical insights to outline a to-
pological model of the Irazi and Turrialba plumbing system. We discuss
the possibility of a shared-deep plumbing system between the two
contiguous volcanoes and the process controlling the spatiotemporal
activity on the Irazti and Turrialba volcanic system (ITVS) and its im-
plications for risk mitigation measures.

2. 1963-1965 Irazi eruption and 1958-1964 leveling data

Irazi volcano exhibited signs of reactivation in 1959 when three
active fumaroles burst from the crater walls and floor (Barquero, 1976).
This was followed by the observation of a steam column on August 9,
1962. Subsequently, in January 1963, after 23 years of inactivity, the
Irazi volcano entered an eruptive phase. At 13:20 of March 13th, three
great eruptions in rapid succession resulting in a mushroom-shaped
cloud of ash as well as incandescent lithics initiated the eruptive
phase. The eruption commenced with the emission of ash and scoria-
ceous lapilli, which gradually increased in frequency and intensity
(Gutiérrez, 1963; Barquero, 1976). On March 17th, ash began to fall on
San José, the capital of Costa Rica (Gutiérrez, 1963; Barquero, 1976).
The heightened volcanic activity led to the evacuation of workers and
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Fig. 1. 1958-1964 leveling data, modeling, and tectonic settings on Irazii and Turrialba volcanoes in Costa Rica. The small inset at the left shows a general view of
the Central American isthmus and its volcanic arc (red triangles) and the location of ITVS. In the main inset, the black dots show the 15 main leveled sites observed in
1958, May 1964, and September 1964. The vertical arrows and their error bars show the deformation between 1958 and May 1964 (red) and May and September
1964 (blue) and their respective estimated standard deviation. The red scale on the left of the figure is used to size both red and blue vectors. For the sake of clarity,
the figures include only the main sites. However, all the data are included in the supplementary materials A and B for a comprehensive examination. The filled orange
circle shows the position of our spherical best-fit model for the period 1958- May 1964. The orange dashed ellipse shows its uncertainty based on the red arrows. The
blue circle and blue dashed ellipse show the position of the best-fit model for the period May to September 1964 and its uncertainty based on the blue arrows. The
brown diamond shows the position of the best-fit models for Turrialba eruption based on Angarita and Muller (2018), Muller (2018), and Battaglia et al. (2019). The
purple stars show the location of the last two major earthquakes that occurred in the area and the dashed purple line shows the major faults and their kinematics
when known. At the bottom right, the shear diagram of Riedel (1929) shows the main direction of the tectonic stress on the area. The black dashed line shows the
cross-section of Fig. 5. The grey lines show the height contour lines every 100 m. The light brown lines show the main roads. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

cattle on Iraz(’s northern flank, as ash and scoriaceous lapilli were
continuously ejected (Murata et al., 1966). In April 1963, the western
flank up to 15 km of the crater was covered with several centimeters of
ash. From May 1963 to December 1964, steady climatic eruptions (up to
10 km above the crater) and intense ash-falls were observed with only
short periods of hiatus or low activity. Lahars reaching the second city of
the country, Cartago, were also frequent. The December 9th, 1963, lahar
was the most destructive and deadly. Then the volcanic activity gradu-
ally diminished by the end of 1964, and ash eruptions ceased in
February 1965 (Krushensky and Escalante, 1967). By July of that year, a
lake had formed at the bottom of the crater, marking the end of the
eruptive phase. The 1963-1965 eruptions had far-reaching conse-
quences, impacting the local population, livestock economy, agricul-
ture, and infrastructure (Murata et al., 1966; Alvarado et al., 2021).
During this eruptive phase, notable deformation at Irazi volcano was
discovered through two leveling surveys conducted in 1964. The
leveling data, though initially lost in archives, were rediscovered during
this study. Our interview with Mr. Sergio Loaiza Vargas, a surveyor
involved in these surveys, provided firsthand insights into the method-
ology. In total, 49 benchmarks were observed along the 30 km road from
Cartago to Irazi ranging in altitude from 1426 to 3200 m (Supl. Mat A
and B). Among these 49 leveling sites, 15 sites were previously leveled in
1958 which allows us to estimate the 1958 to May 1964 volcano
deformation (Fig. 1). The null deformation was set to the furthest site
(site 86). Between 1958 and May 1964, changes were inferior to 8 mm
up to site 299 A (at 10.4 km to the crater). The deformation grew
steadily between site 299 A and site 307 (2.3 km to the crater), then
slightly decreased closer to the crater. The deformation reached up to
109 4+ 14 mm on site 307 (Table S1). The 49 benchmarks were re-

observed in September 1964, revealing that in most locations’ subsi-
dence was larger than the previous uplift, although this was not the case
for all points. Near the volcano, three sites (306, 307, 308) exhibited
subsidence that was not larger than the previous uplift, and at one
additional site (305), the difference was possibly within the margin of
error (Table S1). The closest benchmark to Irazt Crater showed a sub-
sidence of —123 + 15 mm (Table S2). Lower sites, such as 301 A and
302, showed subsidence of 35 + 9 mm and 39 4+ 10 mm below their
1958 levels, respectively. These observations suggest that the uplift
observed earlier had largely dissipated within a span of four months.

Before modeling, we set the accuracy and the exact coordinates of
each site. The accuracy is calculated using the Vanicek et al. (1980)
equation and ranges from 3.8 mm for first class, first order leveling to 15
mm for first class but third order (Supl. Mat C). The height differences
were calculated from two leveling lines and the accuracy needs to be
multiplied by the square root of two to account for error propagation
(Ghilani, 2017, chapter 6). Since there is no site reliably located in a
non-deforming area, the farther away (site 86) from the deforming area
has been set as the reference level. The small observed deformation,
between 3 and 7 mm, on the first 5 km of the road from Cartago to the
crater, followed by a sharp increase closer to the crater, suggests that site
86 was, indeed, in an area with little to no influence from the magmatic
system. The locations of the leveling sites, while not defined in cartesian
coordinates, were accurately determined based on their distances along
the road, which is meticulously mapped on Irazi’s southern flank. This
data was then systematically transformed from the road coordinate
system to a standard east-north projected system for precise geolocation
(Table S1).
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3. 1958-1964 leveling surveys model and results

We use dModels (Battaglia et al., 2013) to estimate the location and
volume change of the magmatic sources during uplift and subsidence.
dModels performs analytical inversion of geodetic observations in a
homogenous elastic half-space, using a combination of a random grid
search and weighted least square algorithms, with chi-squared as a
penalty function. The standard deviation of the parameters is estimated
through a Monte Carlo simulation (Press et al., 2007), adding Gaussian
white noise to the original dataset. The noise is calculated based on the
standard deviation of the observed data, and assuming a diagonal data
covariance matrix. The code to model a finite sphere shape with a
topographic correction (Williams and Wadge, 1998) was adapted to
model only vertical displacement. Complex shapes such as ellipsoids and
sills can be modeled, but a simple sphere was used to limit the number of
parameters.

We modeled the deformation data with two levels of precision,
specifically using 1st-order and 3rd-order leveling accuracy based on
Vanicek et al. (1980) (Suppl. Mat. Table S2). Standard deviations and
chi-squared (c2) values change largely using 1st-order (x%9.7) or 3rd-
order accuracy (X2:0.6), but source parameter changes are minor.
Although the standard deviations on the magmatic source are larger
with 3rd-order leveling accuracy, we prefer a looser stochastic model
because its lower chi-squared might estimate more realistic standard
deviations. During the first period, the spherical source is located less
than a kilometer from the active crater, with a depth of approximately
2.4 km b.s.l. and a volume change of 16 million cubic meters (Table 2).
During the second period, the deflating source on the northwestern flank
is about 2.3 km from the crater, at a depth of 3.6 km b.s.1., with a volume
change of —32 million cubic meters.

4. Discussion
4.1. Oversight of the magma volume

Regarding the modeled volume changes, the May to September 1964
model inferred twice the volume in deflation than the 1958-May 1964
model infers in inflation. The observed differences in model outcomes
may partly stem from the model’s inherent errors, compounded by the
limited number of sampling points and the restricted spatial coverage of
our study, which could introduce a notable sampling bias. Nevertheless,
a larger source of uncertainty exists due to the lack of temporal reso-
lution of the leveling observations. The onset of the eruption was in
March 1963 while the leveling monitoring started in May 1964 (Murata
et al., 1966). This raises the question: was the recorded May 1964 uplift
the largest uplift experienced by the volcano? Did the volcano experi-
ence a larger deformation before May 1964 (Fig. 3)? Considering that
the records of the monthly removed ash from San Jose downtown
indicate the climax of the eruption between December 1963 and
January 1964 (Murata et al.,, 1966) and that between May and
September 1964 the deformation returns to almost 1958 level which

Table 2
Results of the inversion model using a finite sphere shape with a topographic
correction based on 1958-1964 leveling surveys.

Model Precision  Dist. to Depth Volume change e
crater [km] [Mm®]
[km]
1958- May 1st-order 0.9 + 0.4 2.4+0.1 15.6 + 1.2 9.7
1964
1958- May 3rd- 09+ 1.7 2.4+ 0.7 155+ 7.7 0.6
1964 order
May-Sept. 1 s-order 2.7 +0.1 3.6 +0.1 —-34.1+0.9 42.4
1964
May-Sept. 3rd- 2.3+ 0.7 3.6 £0.3 —-31.5+3.7 2.8
1964 order
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implies quick feedback between magma reservoir and the superficial
activity, the deformation might have been larger before May 1964. This
is also supported by petrological studies that established that the magma
of Irazi during its last eruption ascended at a speed between 80 and 55
m/day (Boyce and Hervig, 2009; Ruprecht and Plank, 2013; Oeser et al.,
2018). Based on the depth of our modeled reservoirs (5.8-7.1 km below
the crater) and these velocities, the magma may have reached the sur-
face in 2-4 months. Together these visual, petrological, and geodetic
observations suggest that the sparse time coverage of the leveling
monitoring might have overlooked the deformation occurring between
1958 and May 1964. The deformation might have been more important
before the May 1964 leveling and the total volume might have been
significantly larger than modeled in this study. Does this conclusion also
impact the position of the reservoir? Not necessarily, the plumbing
system is thought to be stable over such a short period. Additionally, we
explored the stability of the reservoir through an inversion model where
we fixed the source geometry to the position of the reservoir during the
inflation period and varied only the volume change. The results indicate
a higher but acceptable fit with Chi-square value of 5 (previously y* =
2.8) (Fig. S1). The deflation phase volume change was estimated at
—16.1 Mm® (previously —15.5 Mm?®), closely matching the inflation
phase within the error margin. These findings imply that while the
deformation intensity prior to May 1964 could have been greater than
recorded, the reservoir’s position likely remained stable, supporting the
notion of a consistent plumbing system during this period.

4.2. Turrialba-Irazii plumbing system

Analytical models using topography were conducted to determine
the position and depth of a magma reservoir feeding the Irazi eruption.
The models used a 3D analytical approach instead of the 1D point source
model used by Murata et al. (1966). The models found an inflating
reservoir below the crater at a depth of 2.4 km b.s.1 (5.8 km below the
crater) from 1958 to May 1964, and a deflating reservoir on the
northwestern flank at a depth of 3.6 km b.s.1 (7.1 km below the crater)
from May to September 1964. The difference in depth and position of the
reservoirs may reflect either the accuracy of the model or a more intri-
cate plumbing system. However, relying solely on vertical deformation
has limitations, as minor changes can lead to a range of source locations
(Dieterich and Decker, 1975), so this difference likely indicates the ac-
curacy of the models and the spatial sampling’s limited resolution. The
modeled depths show a 1-3 km deeper magma reservoir than previously
reported by Murata et al. (1966)) but align closely with petrological and
tomographic studies (Alvarado et al., 2006; Jiwani-Brown et al., 2022).
The location of this magma storage is also 4-15 km above the mid-
crustal reservoir, which has fueled the Turrialba eruption from 2010
to 2022, as inferred from analytical and finite element models based on
continuous GNSS data (Muller, 2018; Angarita and Muller (2018); Bat-
taglia et al., 2019) (Fig. 2). The overlapping position between the
1963-1965 Irazti feeding reservoir and the 2010-2022 Turrialba
reservoir raises the question: Are the magmatic plumbing systems of
Turrialba and Irazt connected?

Geochemical, geodetic, seismic, and petrological data have esti-
mated the depth of the magma storage of each volcano below average
ground altitude (3000 m). For Turrialba, De Moor et al. (2016) based on
COq-rich gas pulses, inferred a mid-crustal reservoir at 5-7 km below sea
level (b.s.1.) and a shallow reservoir between sea level and 2 km b.s.1. Di
Piazza et al. (2019) interpreted a deep magma reservoir at 10 km b.s.1.
from the andesitic magma involved in the ~2 ka Plinian Turrialba
eruption. Conde et al. (2014) inferred very shallow magma storage (<1
km) and 1-3 km b.s.1. reservoir. For Irazti, Alvarado et al. (2006) suggest
that 2 magma storages coexist, a mid-crustal reservoir at a depth be-
tween 9 and 12 km b.s.1. and a shallower reservoir at sea level. Benjamin
et al. (2007), based on HyO entrapment pressure, suggest a 3 km b.s.1.
Jiwani-Brown et al. (2022) provide seismic tomography data spanning
from sea level to 12 km b.s.1., revealing a low-velocity zone under Irazt
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and Turrialba from 0 to 4 km deep. Below, the anomaly narrows, both in
the SW-NE and NW-SE axis, concentrating directly beneath Irazd’s
crater. This zone is interpreted as potential magma storage area. This
anomaly is surrounded by a clear shift to higher-velocity materials
(Fig. 4). The same study does not show strong evidence of well-
developed magma storage below the Turrialba summit area. The 4-8
km b.s.l. magma storage also fits with Liicke et al. (2010) low-density
body. In summary, all these studies indicate shallow magma storage
below volcano craters, although, Turrialba might have a series of small
zones of magma storages rather than one well-developed region. Addi-
tionally, both volcanoes have deeper magmatic reservoirs, in an over-
lapping depth of 5-17 km b.s.1. for Turrialba and 4-12 km b.s.1. for Irazq,
located below Irazti crater or between the two volcanoes.

In their study, Rouwet et al. (2021) proposed a hydrogeological
connection between Turrialba and Irazt volcanoes, inferred from the
observed decrease in the water level of Irazd’s crater lake coinciding
with Turrialba’s reawakening. However, this hypothesis encounters
several challenges. Firstly, Ramirez et al. (2013) documented instances
where the lake underwent cycles of drying and refilling independent of
any volcanic activity at Turrialba. Additionally, an alternative

explanation for the lake’s drainage could be attributed to the northern
volcanic cave, situated <500 m away. Moreover, the presence of the
Liebres fault, acting as a geological barrier, likely impedes any signifi-
cant hydrological interaction between the two volcanoes.

Within a global dataset, a significant proportion of proximal vol-
canoes exhibit interconnected magma plumbing systems, indicative of a
prevalent geological feature among closely spaced volcanic systems
(Biggs et al., 2016). Volcanoes such as Alu and Dalafilla in Ethiopia (6
km apart), where pre-eruptive inflation was observed under Alu alone,
but co-eruptive subsidence extended 10 km toward Dalafilla, suggesting
a common plumbing system (Pagli et al., 2012). In Iceland, the Eyjaf-
jallajokull and Fimmvorduhals volcanoes, (8 km apart) experienced a
notable eruption sequence in 2010. The eruption started at
Fimmvorduhals and a month later, Eyjafjallajokull erupted (Sigmunds-
son et al., 2010; Tarasewicz et al., 2012). Prior to the Fimmvorduhals
eruption, there was a migration of seismicity from Eyjafjallajokull, the
main volcano, to Fimmvorduhals. This pattern was similar to what van
der Laat et al. (2022) detected between 2015 and 2016 in ITVS. Cordon
Caulle and Puyehue volcanoes in Chile, located 6 km apart, not only
share an extensive, long-lived crystal-rich zone at a depth of 4-7 km (Jay
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Fig. 4. Evaluation of hypotheses concerning the magma supply to Irazd’s
shallow crustal reservoir regarding seismic velocity changes by Jiwani-Brown
et al. (2022). The colour scale illustrates the seismic velocity changes (Vs). The
inferred reservoirs for Irazt and Turrialba are marked by solid orange and solid
red ellipses, respectively. Blue curves outline the low-velocity zone identified
by Jiwani-Brown et al. (2022). A red line schematically indicates the magma
supply route to Turrialba’s crater, with a dashed line highlighting the associ-
ated uncertainties. Orange lines depict the magmatic plumbing system beneath
Irazi, whereas orange dashed lines explore different hypotheses regarding this
system. Hypothesis 1 is considered unlikely, with Hypotheses 2 and 3 being the
predominant theories for the magma supply pathway to Irazt’s shallow reser-
voir. Subplot a) shows a SW-NE cross-section, while subplot b) shows a NW-SE
cross section. This illustration is adapted from Fig. 9 in Jiwani-Brown et al.
(2022). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

et al., 2014) but also exhibit pre-eruptive deformation episodes that
imply a widespread and interconnected magma plumbing system,
extending the influence of deformation beyond the immediate vicinity of
the 2011 eruptive vent. For volcanoes distant up to several tens of ki-
lometers a common source is found deeper, for example, Arya and Kir-
ishima volcanoes in Japan (30 km apart) and Mauna Loa and Kilauea in
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Hawaii share an asthenospheric reservoir (Brothelande et al., 2018,
Gonnermann et al., 2012). In Iceland, at Grimsvotn, Bardarbunga, and
Holuhraun, (25 and 40 km apart respectively), geodetic observations
have detected a lateral migration of the magma in 2014. In this case, the
first two volcanoes share a common lower crust reservoir and the
Holuhraun eruption was fueled by Bardarbunga mid-crustal reservoir
(Bato et al., 2018). Biggs et al. (2016) conclude that interaction between
<10 km spaced volcanoes might highlight a common mid-crustal crystal
mush layer while volcanoes more widely spaced might share a deeper
source (i.e., in the asthenosphere) or interact due to stress changes.

Leveraging insights from previous ITVS studies and global volcanic
observations, we can attempt to deduce the likelihood of Irazi and
Turrialba having a shared plumbing system, though this inference is
subject to inherent uncertainties. The 1963-1965 Irazt eruption was fed
from a reservoir positioned above the mid-crustal reservoir that fueled
the 2010-2022 Turrialba eruption. Irazd and Turrialba erupted material
shows similar high Nb concentration (i.e., OIB signature), similar Sr and
Nd isotopic composition, as well as share some major, minor, and trace
elements in rocks and glass compositions (Alvarado, 1993; Feigenson
and Carr, 1986; Reagan and Gill, 1989; DeVitre et al., 2019). Both vol-
canoes have a mid-crustal reservoir, in an overlapping depth of 4-17 km
b.s.l (Alvarado et al., 2006; Di Piazza et al., 2019). Gravity and seismic
tomography reveal unique distinctive low gravity and velocity anoma-
lies located below Turrialba and Irazu (Liicke et al., 2010; Jiwani-Brown
et al., 2022). Furthermore, from 4 to 12 km b.s.l. the detected low-
velocity anomaly narrows and is centered below Irazid’s crater, just on
top of the inferred mid-crustal reservoir of Turrialba (Fig. 4). Given the
well-developed and mature volcanic system of Irazd, we would typically
anticipate identifying a distinct low-velocity anomaly as evidence of a
lateral shift in the volcano’s plumbing system (as postulated in Hy-
pothesis 1 from Fig. 4). Yet, such an anomaly is absent. Therefore, Irazti
feeding system might be sub-vertical or exhibit a lateral extension to-
ward the west or north (Hypothesis 2 and 3 from Fig. 4). Regardless of
the directional orientation, the funnel-shaped low-velocity zone sug-
gests that Irazi’s magmatic supply is likely to intersect with the Tur-
rialba mid-crustal reservoir beneath Irazi crater. This interpretation is
in line with global observations, where adjacent volcanoes frequently
share a common reservoir. Moreover, the ratio distance between vol-
canoes and depth of a potential shared reservoir at ITVS corresponds
with patterns noted in other volcanic systems (Biggs et al., 2016). Ulti-
mately, global volcanic observations, alongside prior research on Tur-
rialba and Irazt, hint at the possibility of an interconnected magmatic
system. Although, this concept necessitates additional corroborative
research, including petrological analyses or identifying an inflating mid-
crustal reservoir before the next eruption at Irazi volcano.

This new paradigm model might have direct implications for risk
management and the spatiotemporal distribution of the eruptive activity
at ITVS. Although the volcanoes might share a common mid-crustal
reservoir, their shallow plumbing systems evince disparity, thereby
exerting an influence on the spatiotemporal distribution of volcanic
activity. Irazd, that might be characterized by minimal or no horizontal
displacement to a mid-crustal reservoir, exhibits a pattern of frequent
yet less intense eruptions and shorter eruptive durations compared to
Turrialba. However, the rapid magma ascent (e.g. (Ruprecht and Plank,
2013) implies few precursory signals before an eruption. In contrast,
Turrialba with its suggested 10-km offset with the main reservoir, might
not have develop an efficient magma pathway. Therefore, it has a long
reawakening period with a plethora of detectable precursors (i.e., seis-
micity, gas, deformation, ...) (e.g. Martini et al., 2010; Alvarado et al.,
2021). Ineffectual magma transport may also give rise to many thwarted
eruptions, consequently affording extended inter-eruptive intervals.
However, small magma batches emplaced during earlier eruptions can
evolve toward more silicic melt (e.g. DeVitre et al., 2019) and if the
subsequent eruption is capable of drawing upon a significant volume of
these very same batches, an explosive eruption may ensue, alike El
Retiro Plinian eruption two millennia ago.
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4.3. Processes controlling Irazii and Turrialba eruption

A possible shared reservoir feeding both volcanoes brings an inquiry
into the process that attends to the feeding of individual eruptions. In the
instance that a novel magma injection reaches the mid-crustal reservoir,
what are the mechanisms that come into play to dictate the eruption of
either one or another volcano? Although, high-conductivity pathways
exist between neighbor volcanoes (e.g. Brothelande et al., 2018; Bato
et al., 2018), in the crust, repetitive injections over hundreds of thou-
sands of years result in magma reservoirs including stacked sills of
magma with large diversity of chemical signature within crystalline
mush zone (Cashman and Giordano, 2014). Petrological observations
demonstrate that melt-rich lenses only coalesced shortly before or dur-
ing an eruption, even on large eruption, which precludes the conceptual
frame of one giant pre-eruptive magma chamber and simple pressure
changes within a high-conductivity pathways (Wotzlaw et al., 2013;
Ellis et al., 2014). This conceptual frame affords a manifold of behavior.
For example, on Mauna Loa and Kilauea volcanoes, activity is anti-
correlated. There is clear evidence that an increase in activity in one
of the volcanoes prolongs the repose time at the other (Klein, 1982).
Such behavior is observed when volcanoes are coupled through a porous
reservoir where dynamic stress transfer inhibits eruptions of the adja-
cent volcano (Gonnermann et al., 2012). In ITVS, magma reservoirs that
have evolved for hundreds of thousands of years are likely to be an
intricated pile of melt-rich lenses. A new magma injection from the

lower crust has the potential to perturb numerous lenses, a phenomenon
that elicits a heterogeneous range of erupted products, as evinced by
Alvarado et al. (2006) and DeVitre et al. (2019). The impending erup-
tion of Irazti may unlock a valuable and more profound understanding of
the underlying mechanisms that govern the preferential eruption of
either volcano.

The tectonic activity might be an essential process in shaping the
volcanic activity of the ITVS. Tectonic causes static or dynamic stress
changes (e.g., Linde and Sacks, 1998; Diez et al., 2005; Allan et al., 2012;
Pritchard et al., 2013; Bégué et al., 2014; De Moor et al., 2017). These
changes can either un- or clamp dikes, increasing, releasing stress on
magma reservoirs, or changing the permeability of the hydrothermal
system. When an earthquake occurs an increase or decrease of the vol-
canic activity could be triggered (Seropian et al., 2021; Ebmeier et al.,
2016). ITVS lies within a dextral pull-apart basin (Montero et al., 2013)
and Irazt exhibits an N-S alignment of eruptive centers within an
extensive or trans-extensive tectonic regime. On the contrary, Turrialba
stands within an overall transpressive context and exhibits a NE-SW
alignment of its eruptive centers (Calvo et al., 2019). In Fig. 1, all tec-
tonic features related to these descriptions, including both basin and
eruptive center alignments, are indicated by the purple features. The
prevailing tectonic stress regime in the region likely played a pivotal role
in modulating the subsurface magmatic configuration, promoting the
accumulation of a significant magma body beneath Irazt. This same
tectonic environment may have concurrently obstructed the formation
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of a direct conduit and a well-developed shallow magma reservoir under
Turrialba. Such tectonic influences might be critical in dictating the
pathways of magma ascent, the location and ultimately, the eruptive
characteristics of these volcanoes. This nuanced understanding high-
lights the integral role of regional tectonics in shaping the volcanic ar-
chitecture and underscores the necessity of incorporating tectonic
frameworks in volcanic hazard assessments and interpretations of
magmatic activity. If in the long run, the predominant tectonic stress
regime holds the capacity to govern the spatiotemporal occurrence of
the ITVS, in the short term, tectonic activity might also rule ITVS. For
example, on December 1st, 2016, a right-lateral 5.5 magnitude earth-
quake struck within the heart of ITVS (Linkimer et al., 2018) (Figs. 1 and
5). The two-year-long seismicity observed by van der Laat et al. (2022)
(Fig. 5), ended and the rapid inflation observed between 2014 and 2016
decreased significantly as well as the ash emitted (Fig. S2, S3). While
further investigations are warranted to fully comprehend the re-
percussions of this earthquake on ITVS activity changes, it is worth
noting that tectonic activity may also exert an impact on volcanic ac-
tivity in the short term, as observed in the context of other volcanoes (e.
g. Ebmeier et al., 2016; Maccaferri et al., 2016; Xu et al., 2016). Upon
consideration of both long- and short-term tectonic records, it is plau-
sible that tectonic activity plays a major role in governing the spatio-
temporal distribution activity of the ITVS.

5. Conclusion

In this study, we re-analyze the leveling data from 1958 to 1963 at
Irazii volcanoes in Costa Rica to feed the state-of-the-art analytical
model as well as the previous petrological, seismological, geochemical,
and geodetic studies on both Turrialba and Irazi to uncover the char-
acteristics of the plumbing system of both volcanoes. The newly re-
analyzed leveling data shows that the deformation likely originated
from a magmatic source 5-7 km below the Irazii crater. The overlapping
position of this source with the mid-crustal source, which fed the
2010-2022 Turrialba eruption, as well as seismic and petrological
studies, suggest that Turrialba and Irazd might be connected at depth.
This possible deep-seated link provides a better understanding of the
geometry of the ITVS magmatic system and clarifies the eruptive pattern
of both volcanoes. Additionally, the tectonic regime gives an insight into
the tectonic control on the plumbing system to contribute to our
comprehension of the spatiotemporal distribution of volcanic activity
and better mitigation of volcanic risks.

During a potential future eruption at Irazti novel insights into the
underlying processes that facilitate the preferential eruption of one
volcano over the other may be gleaned. Additionally, to further support
the notion of shared mid-crustal storage, more refined petrological
studies are required. For example, the comparison of the rocks, glasses,
and minerals (geochemistry, isotopes, and fluid inclusions) between
both volcanoes, particularly for the last two major historical eruptions of
both Irazi (1723-1724 and 1963-1965) and Turrialba (1864-1866 and
2010-2021). Similarly, to the anticorrelated eruptive pattern observed
between Mauna Loa and Kilauea, it would be noteworthy to assess
whether the eruption of one volcano extended the dormant phase of the
other. Finally, the findings of this study have major implications for the
safety of the 2.8 million inhabitants settled within a 50 km radius of
ITVS and as well as other volcanic systems worldwide.
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