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A B S T R A C T

Magma migrations frequently trigger seismic swarms, resulting in seismic events that overlap in time and hinder
real-time phase picking commonly used for hypocenter location. Addressing this challenge, seismic amplitude
ratio analysis (SARA) allows identification of seismic migrations in real-time by simply tracking the relative
seismic amplitude between a pair of seismic stations.

This paper aims to identify key statistical features of the seismic network array locations that improve their
ability to detect seismic migrations using SARA. We evaluated the capability to detect the most frequently ori-
ented magma migrations in over 100 volcanoes, using a criterion previously proposed to study vertical magma
migrations in Piton de la Fournaise. Additionally, we investigate the influence of vent-station proximity on
magma conduit coverage and identify the distance ratio that yields improved detection.

Furthermore, we estimate the seismic network efficiency by calculating the detection capability volume per
station. We then use the random forest regression algorithm to identify which statistical features of the seismic
network location contribute more to the efficiency disparity among different volcanoes. Notably, our findings
reveal that optimizing seismic network coverage entails maximizing the standard deviation of relative pair
station distances, while maintaining a prescribed minimum separation distance between station pairs. Our results
reveal important criteria that can be used to optimize seismic network location design.

1. Introduction

Volcano monitoring needs include multiparametric analysis of
seismic, geodetic, geochemical, optical, and thermal data (Ewert et al.,
2005; Miller and Jolly, 2014). The complexity of the monitoring
network design arises not only from these competing interests but also
from the interplay of technical, political, and social factors unique to
each volcano. These factors include budget constraints, land accessi-
bility, ground stability, noise levels, and hazard assessments. The bal-
ance among these diverse interests often defines the boundaries for
considering other specific goals, such as seismic-related targets.

To find the ideal seismic network location, requires to first identify
the primary objectives as the strategy can change accordingly (Hardt
and Scherbaum, 1994). These objectives often include event localization
(Kijko, 1977; Tramelli et al., 2013; Toledo et al., 2020), moment tensor
inversion (Lanza and Waite, 2018) and seismic imaging (Curtis, 1999;
Maurer et al., 2017), among others. In the context of volcano moni-
toring, the optimal location for seismic networks should enable the rapid

identification of imminent eruptions, considering several key factors.
As magma migrates, the intrusion in the crust causes brittle fracture

and fluid/gas resonances that induce seismicity (Lahr et al., 1994;
Chouet, 1996; Rubin and Gillard, 1998). Prior to an eruption, seismic
swarms frequently occur, during which seismic events overlap, resulting
in continuous tremors or events with emergent onsets (McNutt, 1994).
These characteristics can hinder phase picking, which can be utilised to
determine hypocentre’s locations. To overcome this challenge,
frequently the hypocentres are estimated using seismic amplitude decay
analysis (Battaglia and Aki, 2003), valid for high-frequency, isotropic S-
waves (Morioka et al., 2017). However, using the amplitude decay for
event location requires the computation of the amplitude of the source
wave (Kumagai et al., 2010, 2013, 2019; Eibl et al., 2014; Kurokawa
et al., 2016; Ogiso and Yomogida, 2021) and/or instrument and site
amplification factors (Taisne et al., 2011; Walsh et al., 2017; Eibl et al.,
2017; Caudron et al., 2015, 2018). Moreover, in most cases these
methods, involve solving an inversion problem via a grid search, which
requires additional post-processing time.
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In crisis response situations, an alternative to calculating hypo-
centres is to use the seismic amplitude ratio analysis (SARA) (Taisne
et al., 2011), that by simply computing the evolution of the seismic
amplitude ratio between a pair of seismic stations, allows to track
seismic migrations, which can be associated to magma migrations (Tan
et al., 2019). In a prior study, James et al., 2023 proposed a method for
evaluating the detection capability of SARA. The method consisted in
calculating the volume under the volcano, where the change of the
seismic amplitude ratio along a migration path, was larger than the
variability observed in seismic signals. As an example, the potential to
detect vertical magma migrations in Piton de la Fournaise was studied.

In this paper, our primary objective is to identify the general char-
acteristics of seismic networks locations that enhance their capacity to
detect magma migrations using SARA. To achieve this, we apply James
et al., 2023 method to calculate the detection capability of >100 vol-
canoes, with different topographies, including stratovolcanoes, calderas,
shields, complex volcanos, pyroclastic cones, fissure vents, lava domes
and somma volcanoes. The seismic network locations around the vol-
canoes are obtained from the Global Volcano Monitoring Infrastructure
Database (GVMID) (Widiwijayanti et al., 2024) hosted by the World
Organization of Volcano Observatories database, WOVOdat (Newhall
et al., 2017; Costa et al., 2019); and the EarthScope Consortium web
service (https://service.iris.edu/). The topography of the volcanoes is
obtained using the Shuttle Radar Topography Mission (STRM) open data
(Rabus et al., 2003; Farr et al., 2007). The volcanic vents are obtained
using the information available at the Global Volcanism Program
(Global Volcanism Program, 2023).

Since the detection capability depends on the migration path (James
et al., 2023), we consider some of the most common magma patterns
found in volcanic edifices, such as vertical, lateral and inclined magma
paths (Pinel and Jaupart, 2004; Gudmundsson, 2002, 2006; Acocella
and Neri, 2009; Bistacchi et al., 2012; Rivalta et al., 2015; Tibaldi,
2015). Thus, in our analysis, we evaluate the detection capability for
each volcano, accounting all these migration types, and consider how
the proximity of a station to the vent influences the coverage of the
central conduit area.

As a measure of the seismic network efficiency, we calculate the
average detection capability volume per station and use the random
forest regression algorithm (Pedregosa et al., 2011) to identify which
statistical features of the seismic network influence more the efficiency.
Notably, our findings indicate that optimizing seismic network coverage
involves maximizing the standard deviation of distances between station
pairs while also ensuring a minimum prescribed separation distance. We
believe our results provide valuable information for smart seismic
network design, particularly useful in crisis response scenarios and re-
gions with limited resources, where maximizing the coverage of avail-
able monitoring stations is crucial.

Ideally, the seismic network optimization strategies to detect magma
migrations using SARA should be implemented alongside with other
design principles, that consider multiparametric analysis.

2. Methodology

2.1. SARA detection capability

The SARA method (Taisne et al., 2011), uses the seismic amplitude
decay (Yamasato, 1997; Jolly et al., 2002; Battaglia and Aki, 2003), to
calculate the mean seismic amplitude ratio (Ai) between a pair of seismic
stations (i = 1,2):

A1

A2
=

r2
r1
e− B(r1 − r2) (1)

Where ri is the distance between the source and the station, the
attenuation coefficient B = (π f)/(Qβ), with f the mean frequency, Q the
quality factor, and β the shear-wave velocity (Aki and Richards, 1980).
This equation is applicable for high-frequency isotropic body S-waves

(Morioka et al., 2017) and offers the advantage of eliminating the
dependence of the source seismic amplitude.

Eq. 1 can be used to calculate the hypocentres, if the seismic
amplitude is corrected for instrument and site amplification factors
(Taisne et al., 2011; Caudron et al., 2015, 2018). In crisis response
scenarios, it can be used for real time seismic migration identification
(Tan et al., 2019), by calculating the seismic amplitude Ai, as the en-
velope of a band passed seismic signal in a time window larger than the
differential travel time (Taisne et al., 2011).

Following James et al., 2023, the seismic migrations could be iden-
tified only in the cases that the amplitude ratio changes along a
migration path, are larger than the signal variability caused by seismic
noise during the magma intrusion. In other words, for a seismic
migration starting at r − δ, and finishing at r (or a migration moving in
the opposite direction since we apply absolute value), there will be a
positive detection in stations 1,2 if:

ΔLAR1,2(r, δ) = ∣
⃒
⃒
⃒
⃒log

(
A1(r)
A2(r)

) ⃒
⃒
⃒
⃒ −

⃒
⃒
⃒
⃒log

(
A1(r − δ)
A2(r − δ)

) ⃒
⃒
⃒
⃒∣ ≥ threshold (2)

The ‘threshold’ here represents the logarithm of the expected vari-
ability in the seismic signal. In James et al., 2023, it was calculated as
the standard deviation of the detrended logarithm of the seismic
amplitude in a real migration episode at Piton de la Fournaise (Tan et al.,
2019; James et al., 2023), here we use the same parameter (0.1) in our
calculations.

To establish a positive detection across the entire seismic network, it
is crucial to ensure that ΔLAR changes correspond to actual migration
events rather than localized phenomena (such as station malfunction or
animal disruption). In a seismic network with n stations, each station
forms n-1 pairs, so a localized event at one station can affect only n-1
pairs. To verify the independence of an event from any single station, we
require ΔLAR changes to be observed in more than n-1 station pairs.
Therefore, we establish the criterion that Eq. 2 must hold true for a
minimum of n pairs of stations.

In summary, we use Eq. 2 and the above criteria, to calculate the
volume under the volcanoes’ surface, where we have positive detection
i.e., the detection capability volume, hereafter referred to as the ‘DCV’.
As can be seen from the definition, the direction of the migration given
by the vector δ, plays a major role in determining whether the migration
can be detected. In the following section we will describe the seismic
migration directions considered in our analysis.

2.2. Magma migrations directions

Asmagma propagates, it generates, or activates, fractures in the crust
due to pressure build-up (Rubin, 1993). Subsequently, these fractures
are filled by magma, forming dikes that propagate in a direction
controlled by the stress field near the dike tip (Nakamura, 1977; Rubin
and Gillard, 1998). Dike emplacement is highly sensitive to the partic-
ular characteristics of each volcano, since it is controlled by the interplay
of magmatic forces, stiffness contrasts within the host rock
(Gudmundsson, 2006; Kavanagh et al., 2006), the topography of the
volcano (Tibaldi, 2003; Acocella and Neri, 2009; Rivalta et al., 2015),
regional tectonic stresses (e.g., Paquet et al., 2007; Sigmundsson et al.,
2015), and gravitational loading (Pinel and Jaupart, 2004; Münn et al.,
2006; Roman and Jaupart, 2014; Maccaferri et al., 2017).

In this paper we consider >100 volcanoes with different topogra-
phies and tectonic settings. Developing a tailored model that describes
magma migrations for each volcano falls beyond the scope of this paper.
Instead, we focus on 3migration directions, inspired by some of the most
commonly observed dike patterns.

a) Vertical migrations. – Vertical magma propagation is predomi-
nantly driven by buoyancy (Pansino et al., 2023) and usually takes
place within the central conduit area. Radial or peripheral dikes
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propagating vertically may appear if the main conduit is closed and/
or if magma is feed from a peripheral system (Acocella and Neri,
2003, 2009; Geshi, 2008). In our analysis, we consider vertical mi-
grations starting anywhere below the volcano surface (Fig. 1-a).

b) Lateral migrations. –Radial dikes propagating laterally away from
the volcano axis (defined here as the vertical axis below the
volcano’s vent), may appear due to local stress from the magma
reservoir or volcano load (Pinel and Jaupart, 2004; Acocella and
Neri, 2003, 2009; Kervyn et al., 2009; Roman and Jaupart, 2014).
Also, rigidity layering, and the presence of topographic gradient can
favor their formation (Urbani et al., 2018). Lateral dikes have been
observed in many volcanoes (see Rivalta et al., 2015 for a review). In
prominent volcanoes, they appear at the base and higher up, they
extend downslope from the central conduit (Nakamura, 1977;
Poland et al., 2008; Acocella and Neri, 2009). In this paper, we
consider horizontal radial migrations starting anywhere below the
volcanic edifice and radial downslope migrations within the edifice.
For downslope migrations, we increment the dipping angle linearly
with the volcano height (see Fig. 1-b and Appendix for details).

c) Inclined migrations: -. Radial inclined magma sheets ascending
through the edifice toward the flanks, may appear due the interplay
between the magma overpressure and the normal stress in the host
rock, or/and as result of inflating shallow magma chambers
(Gudmundsson, 2002; Galland et al., 2014; Harp and Valentine,
2018). They have been observed in eroded volcanic fields with a
roughly conical orientation around the volcano axis (Gudmundsson,

2002; Bistacchi et al., 2012; Harp and Valentine, 2018; Geshi, 2008;
Porreca et al., 2006). In our analysis we consider inclined radial
migration starting anywhere below the volcano surface, with a 45-
degree azimuthal angle with respect to the volcano axis (se Fig. 1-c).

To study the natural direction variability observed in real dikes, we
incorporate random perturbations around the vertical migrations using
Vesuvius volcano as a case of study, our aim is to test how this variability
can affect the vertical detection capability volume (DCV-vertical). We
performed 50 simulations for each 10-degree increment of perturbations
to study this effect (see Appendix).

The length of all migration considered is 1 km long. Thus, 1 km is the
minimum migration length that we consider for positive detection, any
longer migration will also be detected within this volume, as the DCV
increases with the migration length (James et al., 2023). Details about
the exact mathematical model used to describe the migrations directions
are given in the supplementary material.

2.3. Seismic networks and Topography data

In this analysis, we retrieve seismic station’s locations from GVMID
(Widiwijayanti et al., 2024) web site (https://wovodat.org/gvmid
/home.php) and the Earth Scope Consortium (formerly IRIS and
UNAVCO) web service (https://service.iris.edu/), funded through the
Seismological Facility for the Advancement of Geoscience (SAGE). We
use seismic stations located within 15 km of the vent. The volcanic vents
are located using the coordinates available at the GVP (Global Volca-
nism Program, 2023). These seismic stations might include both the

Fig. 1. Migration directions considered. In all cases the migrations are 1 km length. a) Vertical magma migration b) Lateral radial migrations- horizontal migrations
below the volcano edifice and downslope migrations within the volcano edifice (for details on the dip angle function see appendix). C) Inclined radial migrations-
with a 45degree angle respect the volcano axis. In B) and C) the volcano axis is defined as the vertical axis below the volcano’s vent ‘coordinates (Global Volcanism
Program, 2023).

Fig. 2. Histogram of the statistical features of the 116 seismic networks analyzed. IntQ stands for Interquartile range, SD stands for standard deviation, Skw =

Skewness and Kurt = Kurtosis. E = Eastings coordinates of stations, N=Northing coordinates of stations, H=Height coordinates of stations. D = distance between
station pairs in the network.
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volcano monitoring seismic network and stations from larger seismic
networks that monitor tectonic seismic events. We used stations whose
“operation end date” in the database is in the future or is unknown, and
thus might be active, although there is the possibility that this infor-
mation is not updated for all stations and some of the seismic stations
were part of temporal deploys. Hence, we don’t pretend to make an up-
to-date assessment of volcanoes seismic networks, but rather use the
seismic network data available to study real case scenarios that can help
us to draw conclusions on optimal seismic network design for using the
SARA algorithm.

We analyzed a total of 116 volcanoes, classified as stratovolcanoes,
caldera, pyroclastic shield, complex volcano, lava dome, shield volcano,
pyroclastic cone, fissure vent and somma volcano. About 44% of the
seismic networks have between 5 and 10 stations as can be seen in the
histogram in Fig. 2-b. Also, the arithmetic mean and median distance
between station pairs in the seismic network analyzed is on the 10’s of
km. We also plot other statistical features of the distribution of the
seismic networks analyzed, that show the diversity of the seismic net-
work’s arrays. The topography of the terrain in each case was obtained

using the SRTM data (Rabus et al., 2003; Farr et al., 2007), via the Earth
Explorer website (https://earthexplorer.usgs.gov/). This information is
used to delimit the volume where magma migrations can appear and
hence is the boundary of our calculations.

3. Results

3.1. Assessment of the seismic network coverage

In Fig. 3 we present the DCV for vertical, lateral and inclined mi-
grations at E-san (Japan), Nabro (Eritrea) and St. Helens (U.S.A) vol-
cano, the plots for the rest of the volcanoes are in the supplementary
material. The DCV represents the volume where we could detect 1 km or
longer migrations in the given directions, as the change of the SARA
(given by Eq. 2), would be above the estimated variability of the seismic
source path. In all the volcanoes analyzed, we found that the DCV is
greater for lateral and inclined migrations compared to vertical
migrations.

We further study how random magma migration directions can

Fig. 3. First Row- Detection Capability Volume (DCV) for E-San. Second row- DCV for Nabro. Third Row- DCV for St. Helens. The first column is for vertical mi-
grations, the second for lateral migrations and the third for Inclined migrations as explained in Fig. 1. The location of the seismic stations is label with numbers, their
coordinates are given in the supplementary material. The decay coefficient in Eqs. 1 and 2 is B = 1.087*10− 4. The location of the seismic stations labelled with
numbers is given in the complementary material.
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impact the DCV. We study this effect only in Vesuvius volcano. We in-
crease gradually the perturbations, as shown in Fig. 4; the first point at
0 correspond to vertical migration with no perturbations; the next point
at 10 degrees corresponds to the mean of 50 simulations where we vary
randomly the azimuth angle respect to the vertical axis in the [− 10,10]
degree range (see Fig. 4 a), and so forth, until we vary randomly the
azimuth angle in the [− 90,90] range.

As is shown in Fig. 4 we found that, for small perturbations the
detection volume doesn’t change significantly, but as we increase the
perturbations including more wide-spread magma migration directions
(Fig. 4 b), the detection volume increases. This confirm that SARA could
be more effective at detecting lateral or inclined magma migrations over
vertical migrations.

Also, we observed a great variation of the detection capability vol-
ume compared to the number of stations. In general, the detection
capability volume increases roughly with the number of stations as
shown in Fig. 5, but there are many exceptions, see for instance, E-san
volcano with 4 stations, and Nabro with 7, in this case the former has a
higher detection capability despite having fewer stations (see Fig. 3). We

also show St. Helens volcano, which has one of the best coverages
around the summit due to its dense seismic network array close to the
conduit (54 stations); however, this large seismic network array is likely
composed of many temporal stations that could be deployed for short
term projects.

3.1.1. Volcanic conduit coverage
We calculated the volcanic conduit coverage ratio for vertical mi-

grations, which are the most relevant in this area.
For the volcanoes considered in our calculations, the maximum

depth of the detection capability volume (relative to the vent height),
ranges between 2 and 10 km depth (see mp4 in supplementary mate-
rial), with a mean of approximately 6 km. However, the depth of
detectability below the vent is usually less than this maximum value.
Thus, to estimate the conduit coverage, we defined the conduit volume
as the volume within a cylinder centred in the volcanic axis with a 500m
radius and 5 km depth (I.e., 5 km depth below the volcano’s vent given
by GVP). Then calculated the fraction of grid points displaying positive
detection within this volume (see Fig. 6). In other words, the “conduit
coverage ratio”, is defined as the ratio between the total conduit volume
and the volume in which the migration is detectable. Consequently, a
conduit coverage ratio of one, represents a total coverage for vertical
migrations in this volume.

Fig. 4. Perturbations of vertical magma migration directions a) varying
randomly in the [− 10,10] degrees range. b) Same as but varying randomly the
azimuth angle in the [− 90,90] degrees range. c) Change in the DCV for
different perturbations in the migration direction. Each dot is the average of 50
simulations with the uncertainty given by the standard deviation of the results.

Fig. 5. a) Average detection volume capability (sum of vertical, lateral and inclined DCV divided by 3) as a function of the number of seismic stations for each
seismic network. b) zoom-in on figure a).

Fig. 6. Kirishima’s conduit coverage. The seismic stations are indicated with
black dots. The vent is indicated with a red dot and below it the central conduit
defined as the area within a 500 m radius and 5 km depth (light red dots). The
blue dots indicate where there is positive detection in the central conduit for 1
km vertical migrations.
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We found that a good conduit coverage is closely related to the
location of the seismic stations. In Fig. 7-a, we show that volcanoes with
conduit coverage ~1 have seismic stations located within a 2 km dis-
tance from the vent. Nevertheless, we observe this condition is necessary
but not sufficient, as we also have many examples of other volcanoes
with seismic stations close to the vent, but with poor conduit coverage.

In Fig. 7-b we plotted the overall detection coverage, considering
both the conduit coverage and the average detection capability volume,
including vertical, lateral and inclined seismic migrations; the best
coverage corresponds to volcanoes located at the top right corner of the

figure. As we can see, the relation between seismic network size and
detection capability volume is variable, for instance, E-san and Oshima,
have about the same average detection capability volume but Oshima
network is much larger than E-san. Thus, if we consider the efficiency as
the average detection capability volume divided by the number of
seismic stations, we infer that there are some seismic networks that are
more efficient than others.

3.2. Seismic network efficiency

To estimate which statistical properties of the seismic network’s lo-
cations, impact more the efficiency, we use the random forest regression
algorithm (Pedregosa et al., 2011). This algorithm allows us to quantify
the contribution of individual input features in a model’s predictive
performance or output (see Appendix for details). Here, as an input, we
use the uncorrelated statistic features of the seismic network location
and as an output we use network’s efficiency (average detection capa-
bility volume per station).

In Fig. 8 we present the impact that the seismic network statistical
features, Fig. 2, have on the efficiency. As can be appreciated, the most
relevant features are the standard deviation and by extension inter-
quartile range, as well as, the minimum distance between stations pairs,
this result was consistent using other parameters for the calculations,
where these two features always stand out (see discussion for details). In
a lesser degree, the maximum distance between station pairs is also a
relevant parameter, the rest of the features have similar importance.

In order to inspect further the relation of these characteristics of the
seismic network, in Fig. 9 we plot the top three features versus the
average detection capability per station. We found that very sparse
seismic networks, as defined by a minimum distance between station
pair larger than about 7 km, red dots Fig. 9, have a low or zero detection
capability, in Fig. 9-a. Also, we observe an increment of the average
detection capability as we increase the standard deviation and the
maximum distance between station pairs. This tendency can be clearly
appreciated in Figs. 9-b and 9-c. One case that standout is E-San volcano,
that has the highest average detection capability per station.

Fig. 7. a) Conduit coverage ratio vs the distance between the vent and its closest seismic station for different volcanoes. B) Conduit coverage ratio vs the Average
DCV. The size of the circles is proportional to the number of seismic stations in the volcano’s network. ‘Oshima’ and ‘E-san’ labels in figure b are highlighted to guide
the reader in further discussion.

Fig. 8. Determination of feature importance for enhancing the detection
capability volume, carried out through the random forest regression algorithm.
We include as features the Maximum (Max), Minimum (Min), Mean, Standard
deviation (SD), Skewness (Skew) and Kurtosis (Kurt) of the distance between
station pairs (D). Also, the SD of the seismic network height (DH), northings
(DN) and eastings (DE) coordinates. The Median and Interquartile range fea-
tures were discarded as for our samples these were highly correlated to the
Mean and Standard deviation respectively.
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4. Discussion

Our method to calculate the detection capability volume is based on
Eqs. 1 and 2, that are valid under certain assumptions. Eq. 1 is valid for
high frequency, isotropic radiating body-waves (Hofstetter and Malone
1986; Jolly et al., 2002; Morioka et al., 2017), this holds in volcanoes
with high heterogeneous media, mean free paths ≤ 1km and strong
intrinsic attenuation (Kumagai et al., 2011; Morioka et al., 2017). The
quality factor Q, inversely proportional to energy attenuation, depends
on the structural characteristics of volcanoes. For the high-frequency
band, the value of Q has been estimated to range between 10 and 200
in various volcanoes (see Kumagai et al., 2020 and references therein).
Additionally, within the same volcano, this factor can also vary with the
depth. In Figs. 3–9 we used the same attenuation coefficient
B=1.087*10− 4, for all the volcanoes, however we reproduced the cal-
culations for other attenuation coefficients: 1.4x10− 4 and 0.9x10− 4; for
a frequency of ~10 Hz and a shear-wave velocity β = 1700 m/s (Aki and

Richards, 1980), the Q factor falls in the [130− 200] range. We observed
that increasing the attenuation coefficient increases the DCV. Despite
the attenuation coefficient being a rough approximation of realistic
values for each volcano, utilizing a consistent attenuation value for all
the volcanoes enabled us to effectively compare the detection capabil-
ities based solely on seismic station locations.

To define a positive detection we used Eq. 2, where we compare two
points in space assuming that magma migration is between these two
locations. Nevertheless, the head of the dike can generate, or activate,
fractures in an area around its tip (Rubin and Gillard, 1998), introducing
some localized micro seismicity. This and other sources of seismic noise
can vary from volcano to volcano, making the ideal ‘threshold’ value in
Eq. 2 different for each case. In James et al., 2023 it was demonstrated
that increasing the threshold (for signals with higher noise) reduces the
detection capability volume, thus if we would select a different value for
the threshold, it would affect the detection capability volume for all the
volcanoes.

-

--

- -

-

)

(
)

- -

-

-- -

)

(
)

-

-

-

-

-

)

( )

(
)

Fig. 9. We plot the statistical features of the seismic network and compare them to the average detection volume per station. In a) the vertical axis is the Minimum of
the distance between stations pairs (D), in b) we plot the Standard deviation of D c) we plot the Maximum of D. The red dots are the volcanoes that have a large (>7.5
km) distance between station pairs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In our analysis we used 3 seismic migration directions, vertical,
radial lateral and radial inclined. However, there are other dike patterns
that can be found in volcanoes that were not considered here, such as
regional and circumferential dikes. Volcanoes located in strong regional
tectonic settings are dominated by magmamigrations oriented along the
tectonic stress controlling dikes orientation, while circumferential dikes
can appear due a pressurized magma reservoir and/or the load of the
volcano (Acocella and Neri, 2009). Nevertheless, the primary control of
dike propagation is the topographic relief, that produces radial dikes
(Acocella and Neri, 2009) and were considered in our analysis. Also,
although, we used the same migration directions for all the volcanoes,
lateral migrations are perhaps more relevant for prominent volcanoes
where the edifice load is important (Gudmundsson, 2002; Acocella and
Neri, 2003; Pinel and Jaupart, 2004). Our results indicate that the
detection capability volume is larger for radial propagating migration
compared to vertical migration. This finding confirm that the gradient of
the SARA (Eq.1) favours the detection of radially propagating migra-
tions as speculated in James et al., 2023.

We analyzed the efficiency of the seismic networks to detect 1 km or
longer migrations in the 3 directions described previously, by calcu-
lating the average detection capability volume per station. Then used
the random forest regression algorithm to estimate the impact that the
statistical properties of the seismic network have on the detection effi-
ciency. This algorithm uses a stochastic analysis to determine the rele-
vance of the input features (Pedregosa et al., 2011). Thus, we performed
500 runs for each attenuation coefficient and present the mean values in
Fig. 10 with its respective errors. Also, we repeated the calculations for
different attenuation coefficients, and we consistently observed that the
standard deviation distance and the minimal distance between station
pairs had the highest impact on efficiency (see Fig. 10). It must be noted,
that in our calculations we used volcanoes with different topographies,
however most of the volcano’s considerer in our study are stratovol-
canoes, and thus our results might by bias toward this volcano type.

Finally, the method of seismic network location optimization we
discuss here focus solely on seismic migration detection using SARA and
it doesn’t consider other algorithms of optimization that involve hypo-
centre location, seismic imaging, source mechanism identification or
others (Kijko, 1977; Hardt and Scherbaum, 1994; Tramelli et al., 2013;
Toledo et al., 2020). Thus, to consider a multipurpose seismic network
design, our results most be considered together with other important
general guidelines that consider other objectives, as for instance,
locating the seismic array in an area where the azimuthal gap (i. e. the
largest gap in azimuth between stations seen from the epicentre) is<180
degrees (Valtonen et al., 2013) for hypocentre location; or consider
average interspacing distance of the order of the expected hypocentres
depths (Toledo et al., 2020).

5. Conclusions

We studied the optimal location of seismic networks for the detection
of magma migrations exceeding 1 km using SARA. Our results suggest

that SARA is more efficient detecting lateral and inclined magma mi-
grations. Also, we found that to have a bigger detection coverage of
vertical magma migrations around the volcanic conduit, it is necessary,
though not sufficient, to have at least a seismic station within a 2 km
radius from the vent. Furthermore, we demonstrated that the efficiency
to detect vertical, lateral, and inclined seismic migrations can be
enhanced by designing seismic networks with inter station pairs distance
that exhibit a high standard deviation, while maintaining a minimum
distance below 7 km.

In other words, the optimal spatial configuration for detecting
magma migrations exceeding 1 km, is an irregular seismic stations array
that has a minimum distance between station pairs below 7 km and has
at least one station within 2 km from the vent.

As future work, our findings on seismic network design could be
integrated with other seismic methods to explore optimal network lo-
cations that balance multiple objectives.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2024.108138.
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