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Abstract

Volcan de Colima is one of the most active volcanoes in North America. Even
so, it has a poorly constrained upper crustal structure. Here, we present the
highest-resolution three-dimensional shear-wave velocity tomography to
date of the volcano.

We measured group velocity dispersion curves of Rayl 'igh . nd Love waves
extracted from ambient seismic noise recorded on the ('olima Volcanic Com-
plex and regionalised them into 2-D velocity map. Those were then locally
inverted using a neighbourhood algorithm to . hta n accurate shear-velocity
models down to 4 km below sea level. Tkz resulting three-dimensional shear
wave velocity model gives us a new in,igi. .ito the internal structure of the
volcano to specifically better unr.erst and the shallow magma storage and
magmatic plumbing system and, in ..'rn, how it can be placed in a wider geo-
tectonic context.

Our results highlight a ne*wc v of deeply rooted NE-SW low velocity zones
oriented along a local fau'* system. The southward orientation of this low-
velocity anomaly alsu roughly aligns with the north-south trend of the volca-
noes that comro.~ tie quaternary Colima Volcanic Complex and could be
associatea w.*h v..e gradual trenchward shift of the magmatic front of the
volcanic comg.!:x dating from the formation of the Cantaro Volcano. The low-
velocity anomaly overlaps a negative radial anisotropy indicating that magma
follows vertically oriented structures, such as interfingered dikes or faults
and cracks with a substantial vertical component.

The low velocity anomaly under Volcan de Colima contrasts with a distinct

high-velocity anomaly under Nevado de Colima that highlights the difference



between the former active system, filled with solidified dikes and sills, and
the current one, associated with a network of fluid-filled dikes.

Keywords: ambient noise tomography, volcano, magmatic plumbing system



1. Introduction

When studying active volcanoes, understanding the mechanisms behind the
emplacement and ascent of the magma inside the crust can provide significant insight
into the expected behavior of a volcano. The magmatic processes in the volcanic
plumbing system directly impact the size and the type of an ¢ .ption, motivating the
careful determination of the geometry of fluid pathways and mag.~a reservoirs. High
resolution imaging of the structure of a volcano offers a way tc infer its geological
history which, in turn, can be placed in a wider geotectonic co. “*.t.

Volcan de Colima, also referred to as Fuego de Cclinu., .3 one of the most active
volcanoes in Mexico and in North America with ervntio, < and sector collapses posing
a high risk for more than 500,000 people in surr>una ng cities (Capra et al., 2015;
Norini et al., 2019). The volcano is located in we ‘ern Mexico (Figure 1), at the
exceptionally complex conjunction of tectonic processes (e.g., Ferrari et al., 2012).
While it has the highest probability of a VE [ > 4 eruption in Mexico within the next
20 years (Mendoza-Rosas and De la Cruz -Re, ==, 2008), Volcan de Colima has gone
through various styles of activity thr__<hc °t its eruptive history ranging from less-
intense effusive and explosive peri ids t» explosive sub-Plinian to Plinian eruptions.
The last two sub-Plinian to Plinian exr. »tions, both classified as VEI = 4, occurred in
1818 and in 1913. The most rec. vt activity has been characterized by an alternation of
multiple vulcanian eruptions, lav. flows, dome formations, and dome collapses
(Reyes-Davila et al., 2016). Fov e ~r, a large event such as the 1913 eruption would
now pose a severe risk for *he . -2/0,000 people living in the vicinity of the volcano
(Saucedo et al., 2010).

Fully understanding t1e s..rctural control on the evolution of the volcanic complex
and its activity requirs a.. accurate insight into the relationship between the regional
tectonics, the magmatic ~ystem and the weak basement. Such information can be
extracted by usinc ~e1> ¢ tomography to analyze the seismic velocity structure of the
volcano. Seismi: ton ography is a powerful tool in volcanic environments that can
rely on eaich,'asnc, or ambient seismic noise. The crustal structure beneath the
Colima volcanic :omplex (CVC) has been studied and imaged using both source
types and diffeicnt strategies with distinct performances at different depths.

A series of body-wave tomographic studies used teleseisms (Yang et al., 2009),
regional (Ochoa-Chavez et al., 2016), and local earthquakes (Sychev et al., 2019) to
image the crust down to the upper mantle. Besides the velocity structure under the
CVC, Sychev (2019) notably estimated the seismic attenuation in the region.

The S-wave velocity structure of the CVC has also been imaged using ambient
seismic noise at regional scale by Castellanos et al. (2018) and Spica et al. (2017).
The main advantage of using ambient noise instead of local and regional earthquakes
is that the noise tomography is not limited by the spatial and/or temporal distribution
of seismicity. Nevertheless, those regional models offer a low resolution under volcan
de Colima. Escudero and Bandy (2017) worked at local scale instead to produce



ambient noise Rayleigh-wave group velocity maps at 3 and 5s, but did not perform a
full depth inversion.

Most seismic tomographies of Volcan de Colima resulted in regional models with
poor resolution under the edifice, especially in the upper crust. As a result, the
structure and geometry of plumbing system in the upper 10 km remains poorly
defined, with some speculation of a shallow magma chamber at ~7km depth that still
has to be imaged (e.g., Spica et al., 2017).

Here, we address this short-coming and specifically study the upper crust by
performing a joint inversion of Rayleigh and Love wave group velocity dispersion
curves to assess both the shear wave velocity and radial ani ciropy structure under
Volcan de Colima at a local scale.
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Figure 1. Tectonic s~ ing uf Western Mexico: the Jalisco block (JB), the Michoacan
block (MB), the Te\ ic-Z:.coalco Rift (TZR), the Chapala Rift (ChR), the Colima Rift
(CR), El Gordo Grax. ~n (EGG), and the Colima Graben (CG). The Pliocene-
Quaternary Trans " .exican Volcanic Belt (TMVB) comprises the area within the
orange hatched area. The gray triangles are volcanoes, the red triangle shows the
location of Volcan de Colima. The inset shows the regional location of the map in
Mexico.




2. Geological setting

The volcan de Colima is part of the Colima Volcanic Complex (CVC) consisting of
three N-S aligned calc-alkaline andesitic stratovolcanoes, along with a number of
monogenetic scoria cones of presumably Pleistocene age (Luhr and Carmichael,
1980; Robin et al., 1987): the now extinct and strongly eroded El Cantaro (3,860 m),
the large Nevado de Colima (4,340 m), and Volcan de Colima (3,860 m) (Figure 2).
The CVC is located along the Middle America subduction zone and, more notably,
near one of the world’s most complex convergent margias in the world. The
subduction presumably controlled the development of the Tr."s-Mexican Volcanic
Belt (TMVB), a ~1000-kilometer-long continental volcanic a-¢ viti, a peculiar lack of
parallelism with the Middle America trench (Figure 1).

Here the Rivera and the Cocos plates are subductin, u.>der the North American
plate with different ages, compositions, convergence “ectcrs, and dipping angles
while likely being separated by a trench-orthogonal {. 't starting just north of Volcan
de Colima. This gap between the two subducting pla.. < Liely played a critical role in
the formation of the CVC (Ferrari, 2004; Yang et .." . 20)9). Within the study area, the
subduction is also responsible for the fragmentatic a 0. the Jalisco and the Michoacan
blocks from the overriding continental *«c*h American plate. Those distinct
geological units are separated by extensio ‘7. corridors called Tepic—Zacoalco rift
(TZR) in a NW-SE direction, and Colimc "ift (_R) in a N-S orientation (Ferrari et al.,
2012; Ferrari and Rosas-Elguera, 2500 Ya. g et al., 2009). The TZR and the CR
connect to the Chapala-Tula rifts ‘C"R) to form the Guadalajara triple junction
(Allan, 1986; Ferrari and Rosas-Elguerx, 2000; Luhr et al., 1985).

Besides those well-known ‘.. *on.. features, the Tamazula fault (TF) has a more
disputed origin and influence thu has been described in the literature by two
contrasting hypotheses. O« .»e une hand, it been interpreted as a major NE-SW-
striking regional fault ou. ng through the CR and the CVC and extending for more
than 160 km from the * "ichoacan block to the Manzanillo Bay (Cortés et al., 2010;
Garduiio-Monroy et «' 1998; Rosas-Elguera et al., 1996). The system mostly
includes normal fa.'ts senerating a NW-SE-trending extensional activity, cutting
through the CVC a. 1 potentially at the origin of the many past episodes of collapse
with preferr~d ¢ 'rect on toward the S and SE (Gardufio-Monroy et al., 1998) and
toward the SW “ortés et al., 2010). The current activity of the TF has been inferred
from the alignme 1t of crustal earthquakes in the Manzanillo area and along parallel
crustal structures (e.g., Dominguez et al., 2001; Nufiez-Corni and Sénchez-Mora,
1999; Pacheco et al., 2003; Zobin et al., 2002). The intersection of the fault system
with the CR is interpreted as a zone of weakened crust which, in turn, allowed the
development of the volcanic complex. Hence, the occurrence of magma migration
along the TF is reflected in the NE-SW alignment of Volcan de Colima and the
Volcancito parasitic cone.

On the other hand, Norini et al. (2019, 2010) offer a distinct interpretation and
associate several fault scarps previously associated to the TF to a 30 km E-W-trending
fault system intersecting the CVC across the eastern and western flanks of Nevado de
Colima. This unnamed system is characterized by normal kinematics and N-S
extension. Along with the TF, they attribute this local volcano- tectonic structure to



the southward gravitational spreading of the volcanic complex due to the loading of
the volcanic edifice over the weak sedimentary fill of the CR gently dipping to the
south.

These two distinct explanations on the origin of the TF system eventually impact
the overall interpretation of the structural architecture and evolutionary mechanisms
of the CVC.

3. Ambient noise tomography

The ambient noise tomography was implemented in fcuar .~am steps. The first
involved the computation of the cross-correlations functions “etv cen pairs of stations
for combinations of vertical, radial and transverse com pon. nts (e.g., ZZ, RR, TT).
The frequency dependent group travel times were thea . ~eacured to later be used to
construct the 2D group velocity maps at different peric s. Finally, the depth structure
was revealed by taking advantage of the regionalizea ispersion curves for local 1D
shear velocity models in every cell of a grid using a ~ei,nborhood algorithm.

3.1 Seismic data and computation oj . uss-correlations

Data
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Figure 2. Location map for ' h’. s..tions from CODEX (blue triangles) and

RESCO (orange triangle) ..~a ..i this study. The Cantaro, Nevado de Colima,
and Volcan de Colima fo.m the Colima volcanic complex. The red line corre-
sponds to Tamazula ta 'lt. YD is the Yerbabuena depression, CCG is the Cen-

tral Colima Graben an.' NCG is the North Colima Graben (modified from
Norini et al., 2077\,

This study iu.>grates data from two distinct acquisitions: the Volcan de Colima
Deep Seismic Fvperiment (CODEX), and the Telemetric Seismic Network of Colima
(RESCO) (Figure 2).

RESCO is part of the Centro Universitario de Estudios Vulcanoldgicos (CUEV) of
the University of Colima and is in charge of the seismic monitoring of Volcan de
Colima. RESCO has stations distributed over the state of Colima and over the
volcano. Here we use data recorded between 2012 and 2017 by 10 stations of the
network that consist of broadband Guralp CMG-40TD and CMG-6TD that record in
three components at 100 Hz. The CODEX experiment was an IRIS/PASSCAL
supported seismic array deployed around Volcan de Colima by the Geophysical
Institute at the University of Alaska Fairbanks in collaboration with the Universidad
de Colima- Observatorio Vulcanoldgico (Michael West, 2006). The array consisted of



22 Giiralp CMG 40T sensors with Quanterra Q330 digitizers that recorded
continuously from 2006 to 2008 in three components at 100 Hz (Figure 2).

Cross-correlation

For all stations, the data is first resampled to 20 Hz and band-pass filtered between
0.01 and 8 Hz. Periods of recordings from the RESCO netwc "k that corresponded to
eruptions of Volcan de Colima are eliminated. The instrument res, ~nse for all stations
is then removed, along with the mean and the trend.

Earthquakes and local high amplitude spikes that could . ~nt.minate the ambient
noise wave-field are mitigated by implementing a temg jral . ormalization at 3 times
the standard deviation of the daily trace and a spectra’ w. ‘*e.ing between 0.05 and 5
Hz. Station pairs with synchronous recordings arc then cross-correlated using
MSNoise (Lecocq et al., 2014) for the vertical-vectica’ (ZZ), and rotated transverse-
transverse (TT), and radial-radial (RR). The res.'tiuig cross-correlation functions
(CCFs) for each pair of stations are then stacksd usu.g a phase weighted stacking
(PWS), and their symmetric parts are re.ai.ed by averaging their positive and
negative lag times.

The PWS has the advantage of enak'ing ‘he detection of weak but coherent arrivals
by exploiting the phase coherence i'. ind vidual causal and a-causal correlograms and
therefore significantly improves the ~'gnal to noise ratio in the stacks (Schimmel,
1999; Schimmel and Gallart, 2007; Schimmel and Paulssen, 1997). The whole
process resulted in 311 CCFs for e.~h component, respectively.

3.2 Dispersion meas. "ement

The group velocity u."nersion curves are estimated using a frequency-time analysis
(FTAN) from 0.5 to 10 5 (Levshin et al., 1972; Ritzwoller and Levshin, 1998). To
prevent the wring -utomatic picking of the dispersion curve caused by high-
amplitude s.-fac> w.ve overtones or scattered waves, we use a Graphical Users
Interface that i olves analyst validation (Mordret et al., 2014a). Group velocities
from inter-stat'~. distances smaller than 1.5 wavelengths and SNR<5 are not
considered. The analysis is limited to reasonably covered period ranges with at least
50 measurements, which includes periods between 0.5 and 10 seconds for Rayleigh
waves and 0.8 to 8.4 seconds for Love waves.
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Figure 3. Group velocity measurements for I 1yle: 3h (a) and Love waves (b)
obtained using a FTAN analysis. Number of g-ou »-velocity measurements
as a function of period for Rayleigh (c) 7., Love waves (d). We restrict our
analysis to periods with at least 50 m~a. ire. nents (dashed vertical line).

3.3 Rayleigh and Love Way > Group Velocity Maps

The tomographic inversin1 ot ‘1e group-velocity measurements is performed using
the Cartesian version of .lgorithms described by Barmin et al. (2001) and
implemented by Mor 'rev ~t al. (2013). The algorithms are based on ray theory and
involve a regularizetion . nction composed of a spatial Gaussian smoothing function
along with a cor~*ra..* on the amplitude of the perturbation based on local path
density. We use a gr1 1 composed of 54x 53 = 2862 square cells with a grid size of 1
km.

The inversion is jerformed in two steps, with an initial model that has a constant
velocity taken as the mean group velocity for each period (Mordret et al., 2014a;
Moschetti et al., 2007). The first inversion produces a very smooth map used to
identify and reject measurements with travel time residuals greater than two standard
deviations. The remaining measurements are used in the second inversion to produce
the final group velocity maps. The procedure does not account for the topography.
The error of the flat topography approximation on the velocity was estimated by
Brenguier et al. (2007) and Mordret et al. (2014b) to be less than 5%. Such an error
should therefore be negligible compared to the group velocity variations of over 30%
at each period.



The group velocity measurements and coverage along with the path density for the
respective periods are shown for Rayleigh and Love waves in Figure 4 and 5 (d-f and
g-1), respectively. Both Volcan de Colima and the Nevado de Colima are covered by a
dense coverage of at least 8 ray paths for all 3 periods. The group-velocity maps for
Rayleigh and Love waves, where lateral velocity variations can be observed at periods
of 2, 4 and 6 s, are shown in Figure 4 and 5 (a-c), respectively. The locations shown
and interpreted have at least four rays per cell. A variance reduction of the travel-time
residuals exhibits values ranging from 72 to 79% and 88 to 93% for Rayleigh and
Love waves respectively, indicating that the retrieved velocity maps fit the data well.
The mean velocity of the maps increases slightly with the p.~*od for both Rayleigh
and Love waves, going from 1.79 to 1.94 km/s and 1.29 to 1.63 ..v/s respectively, in
good agreement with the dispersion curves shown in Figrre - At all periods, we
observe an elongated low velocity zone that extends from the < :r Volcan de Colima
to the SW direction (Figure 4 and 5 a-c). The Love wav: gro. p velocity maps display
a similar global velocity structure pattern as for Raylei sh \ ~~ es, with the exception of
small low velocity zones.
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Figure 4. Rayleigh group velocity maps at 2, 4 and 6 seconds (a-c respective-
ly). Rayleigh-wave group velocities associated with each path at 2, 4 and 6
seconds (d-f). The red contours show the limit of the study area with 4
paths per cell. Ray-path densities per cell at 2, 4 and 6 seconds (g-i).
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Figure 5. Love-wave group velocit may < at 2, 4 and 6 seconds (a-c respec-
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seconds (d-f). The red contours sho. ' the limit of the study area with 4 paths
per cell. Ray-path densities pe. <ell at 2, 4 and 6 seconds (g-i).

The accuracy of the ~.ze a..1 location of the retrieved anomalies is assessed through

the evaluation of the .~so..tion matrix associated with each inversion (Barmin et al.,
2001; Mordret et al 201.9, 2013). For each cell of the model, the corresponding line
of the resolution ~..>*r1. .epresents the response of the tomographic process to a Delta
function type a1 omai; with the size, the shape, and the location of the output spot
indicating how ~ccuiately the anomaly can be retrieved. The precision of the location
of the recovered s yike varies slightly depending on the station coverage.
The entire resolution matrix at 2, 4, and 6 s for Rayleigh and Love waves are shown
in Figure 6 and Figure 7, respectively. Here, with a grid cell size of 1 km, a resolution
shift <0.5 km means that the center of the retrieved anomaly is in the same cell as the
input spike.
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3.4 Depth inversion

Rayleigh and Love .-aves group velocity maps are like a gather of local group
velocity dispersion cu s with group velocity measurements at different periods for
every particular loca.*on nn the map.

A 1-D local 1.yc. ~d velocity model can then be assessed by inverting these local
dispersion ¢ rve. for each cell of the grid. For this inversion we use a Monte-Carlo
global direct-se. =h technique, the Neighborhood Algorithm developed by Sambridge
(1999) and desr ibed in detail in Mordret et al. (2013). The solution space is
sequentially and non-uniformly sampled while considering the data fit from old
samples.

The parametrization here is similar to Mordret et al. (2014b) and uses a power law
backbone velocity profile to take into account the possible slow velocities in the
shallow layers due to weathering and alteration overlaid with smoothly varying
velocity anomalies and anisotropy. Along with two parameters controlling the power
law backbone velocity profile (the surface velocity and the curvature of the velocity
profile, respectively) we use five cubic B splines that parametrize the overlaid
velocity anomalies. To reduce the number of parameters to be inverted, these
continuous functions are discretized into 33 layers. For each layer, we consider a
constant shear-wave velocity (Vs) and the parameter ranges allowed are generally



defined based on the plausible crustal models in a volcanic region, allowing a large
variability to resolve both low and high velocity body.

For the initial isotropic inversion, a total 25,000 Vsv and Vsh are sampled for each
cell of the grid, and the best-fitting 300 models are kept to calculate a mean model
resulting in a 3D Vs model of the volcano. The anisotropic and isotropic models are
compared to evaluate the necessity of an anisotropic inversion. The anisotropic
inversion was parametrized using an additional four dedicated cubic B splines for a
complete parametrization of 13 parameters. In this case, a total 19,000 models are
samples for each cell of the grid.

The Vs isotropic model or effective S wave velocity at eacn 1. ~ation is computed
from Vsh and Vsv via a Voigt’s average which better reflecs th. isotropic variations
in elastic properties (Dziewonski and Anderson, 1981: Ex **m and Dziewonski,
1998):

2Vsv? +V.n®

Vs =
s 3

The average model is removed from the 1 :sr.ting 3D Vs model to obtain the 3D Vs
anomaly model presented and interpretec. bo'~.v. The difference between Vsv and
Vsh, called radial anisotropy (£), is -, “2sc.ted as the percentage difference between
Vsh and Vsv in the medium (Jaxybr ato* et al., 2014; Mordret et al., 2014b):

. Vsh —Vsv
g Vs

Figure 8 shows the “esu €t to isotropic and anisotropic dispersion curves at two
different locations O, average over the whole studied area, anisotropic
parameterization »~tuc_ - the misfit by ~ 40%. The isotropic inversion has particularly
poor results belc w ~« s period, after which a better fit can be observed between the
measured «nu the synthetic dispersion curves. This indicated the need for an
anisotropic invers ‘on with the additional parametrization focused on the upper 5 km
depth. This coud indicate that the radial anisotropy is limited to shallow depths,
although this is probably caused by a lack of dispersion measurements for Love
waves at longer periods combined with a shallower depth sensitivity compared to
Rayleigh wave at corresponding periods (Figure 9).
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Figure 9. Vs velocity (a) and radial anis« trop 7 (b) profile at point A, and the
corresponding sensitivity kernel at 2, 4, 6, and 8 s for the fundamental
mode Rayleigh (c) and Love (d) v.av. group velocity. The sensitivity kernels
were calculated using the open s > .rce software developed by Herrmann
(2013). The maximum sensi-vity depth is much shallower for Love waves
than for Rayleigh waves, limitin,- the analysis of the radial anisotropy above
5 km depth.

Each cell of each .-ad:l is eventually shifted according to the altitude of the
considered poin’ to .how values at depths relative to the sea level. The uncertainty
and the mir.*s € t'.e final 3D Vs model are shown in Figure 10 and Figure 8§,
respectively. Pai.x of the model deeper than ~3 km b.s.l. are less constrained, with
larger uncertair* ss likely caused by the lack of long period measurements. From the
final 3D Vs model, Vs anomaly and the radial anisotropy, we extracted horizontal
slices at 1 km a.s.l., sea level, and 4 km b.s.l. (Figure 11) along with vertical slices
(Figure 12).
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tropic Vs model for the corr~<pu ~ding depth (d-f). Below, Same as above
but for the radial anisotropy (g1). The red line is the Tamazula fault system
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dots indicate the proj2c..n of the hypocenters within 1km of the slice
depth of volcano te~tu ~ic events from 2019-2021 calculated using the ve-
locity model of N-ifiez: Cornu et al. (1994).
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Figure 12. Vertical slices through the Vs anoraly model (a-c), the Vs veloci-
ty model (d-f), and the radial anisotropy (g-i). -« location and orientation
of the slices are shown in Figure 11a. The distance along the profile is calcu-
lated from the crater of Volcan de Colii 17. The white dashed lines highlight
the -10 and +10% contours. The loca> on or the Nevado de Colima along
profile B-B” is identified as NC 2" «d \ D iuentifies the location of the Yerba-
buena depression along profile ~ 7.’. The black dots indicate the projection
of the hypocenters within 570 m of wne profile of volcano tectonic events
from 2019-2021 calculated 1'sin, the velocity model of Nifiez-Cornu et al.
(1994).

4. Interprelatio and Discussion

We built a hiei-resolution shear-wave velocity model of Volcan de Colima down
to 6 km b.s.l. The model includes the Nevado de Colima, Volcan de Colima and a
good portion of its southern flank. The Cantaro is the only part of the CVC that is
notable missing from our observations. Nevertheless, this study includes most
structures of the CVC observed in other geophysical and geological studies, with a
finer resolution than past ambient seismic noise tomographies.



4.1 Shear wave velocity and anomaly

The group velocity maps show a consistent low velocity zone trending from NE to
SW with very little lateral variation from 2s to 6s (Figures 4 and 5 a-c). This anomaly
has been similarly observed by the local-scale ambient noise tomography by Escudero
and Bandy (2017), who also used CODEX data to retrieve Rayleigh wave velocity
maps of the CVC at 3 and 5s. Notably, their mean velocity of 1.8 km/s for Rayleigh
waves is relatively close to the ones observed in this study ranging from 1.79 to 1.94
between 2 and 6 s.

The ambient seismic noise based regional Vs model by Sric. et 1. (2017) displays
a similar low velocity anomaly at 4 km depth under Volcan de C >lima. In their case,
the anomaly appears much larger, which they acknowled _c . < a possible consequence
of the low horizontal resolution of their regional tomogi ‘ohy and that, in turn, could
cause spatial smearing when trying to image a body . € this size. The low velocity in
our 3D Vs model has a distinct NE-SW orienta*.o. and is limited at its northern
border by the Nevado de Colima (Figure 11). .. ma or portion of the Nevado de
Colima is associated with a high-velocity anome'y w ~t extends to the north and at
depth.

High velocity zones on volcanoes are nc - .nc mmon and are typically associated
with solidified dikes or sills that formed 'uring past eruption history of the volcano.
The Piton the la Fournaise volcano b .s s 'ch ..:agma path intrusions at depth that were
revealed as high velocity anomaly, bv ambient noise tomography (Mordret et al.,
2014b), gravimetry (Gailler et al., 200y, and drilling (Lerebour et al., 1989). Similar
high velocity anomalies have be.~ revealed by local earthquake tomography beneath
the Popocatepetl (Kuznetsov »...' Koalakov, 2014) and the Asama Volcano (Aoki et
al., 2009).

The southward orientati i, °t wie low-velocity anomaly is roughly consistent with
the north-south trend of ti. chain of three andesitic stratovolcanoes that compose the
quaternary CVC. Thi. comiiguration has caused speculations about a gradual
trenchward shift of th. magmatic front of the CVC in the frame of a long-lasting
southward migratic.> of the magma pathways dating from the formation of the
Cantaro Volcanc (¢., , Alvarez and Yutsis, 2015; Luhr and Carmichael, 1980).

The CVC ha! at least 12 gravitational collapses during the past 45,000 years, nine
of which occurre . at volcan de Colima during the past 22,000 years (Borselli et al.,
2011). Roverato et al. (2011) attribute such a collapse rate to the continuous magmatic
recharge in the volcanic system, the regional and the local stress regime by the
Colima Graben, and the Tamazula Fault whose extensional NW-SE vector has
promoted sector collapses of the CVC to the SW. The location of the low-velocity
anomaly to the south of the Nevado de Colima is consistent with the multiple sector
collapses of both Nevado de Colima and Paleofuego volcanoes, although it is too deep
to be explained by this element alone (e.g., Sychev et al., 2019). Such collapses
generate stress perturbations due to unloading caused by mass redistribution. At some
volcanoes, the lateral flank failures were followed by a modification of the shallow
plumbing system (Maccaferri et al. 2017). The low-velocity anomaly could contain a
magma reservoir that cannot be easily distinguished from shallow volcanic deposits



and soft fluid saturated rocks. The volcano tectonic hypocenters likely provide
evidence that the low velocity zone below Volcan de Colima hosts the magmatic
plumbing system feeding the volcano. The location of the hypothetical shallow
magma reservoir to the south of the main vent has led to speculations that the parasitic
domes of Los Hijos, on the southern flanks of Volcan de Colima, feeds from the same
source, further indicating a southward migration of the volcanism of the CVC
(Alvarez and Yutsis, 2015; Sychev et al., 2019).

The presence of Los Hijos, along with the Volcancito parasitic cone on the north-
eastern flank of Volcan de Colima, led Gardufio-Monroy et al. (1998) to associate the
aforementioned potential migration of volcanism with the I ¥-SW Tamazula Fault
(TF) system. This system, mostly composed of normal faults, -~ believed to have
weakened the crust and serve as a path for magma migrs don nd, along with the
associated stress field, is responsible for the flank instabilitv ¢ “th> CVC (Cortés et al.,
2010; Gardufio-Monroy et al., 1998). In contrast, some ¢ ¢ the “eatures attributed to the
TF have been also interpreted as the result of active gi.*ational spreading of the
volcanic complex by Norini et al. (2019, 2010). With ‘e NE-SW orientation of the
low velocity anomaly in our 3D Vs model parallcl to he TF system (Figure 11) we
can speculate that this is more in agreement with « “cgional whole-crustal structure
that facilitates magma migration beneath CVC.

Sychev et al. (2019) built 3D models of tl e T and S wave velocities and attenuation
for the CVC from the body waves of loc il «~**iquakes recorded by CODEX. They
observed the same distinction betwe-~ a “igh velocity zone under the Nevado de
Colima and a low velocity ano-aaly to the south of Volcan de Colima. By
extrapolating it at depth as a south di._ ing structure that reaches the lower crust, they
interpret the TF as a mechanice.'ly weakened zone that forms a pathway to feed CVC
after a transition at ~15 km depth.

The alignment of our low vel x’iy zone along the TF does not unequivocally prove
that the fault system is th= dee,'y rooted structure guiding magma to the surface. We
therefore cannot excludc the ‘nterpretation by Norini et al. (2019, 2010) that the fault
system has been orig'naw. 1 by gravitational spreading rather than by regional active
tectonics. Nevertheless, there is increasing geophysical evidence showing a
relationship betwe=n .~ I'F and a regional whole-crustal structure that contributes to
magma migratic 1 tow ards the surface.

The shallow e. tensional activity of the segment of TF within the Colima Graben
could be the re.ult of a deeper regional active tectonics combined with topographic
configuration of the volcanic complex, the weakness of the underlying sedimentary
graben fill, and of the geometry of the regional basement. Such a concept would also
help explain the lack of seismicity specifically associated with this segment of the
fault system, as opposed to the crustal earthquakes observed in its Manzanillo section.

Unlike Sychev et al. (2019), our model does not reach 15 km depth. However, the
low velocity anomaly appears as a consolidated structure down to 6 km b.s.1. that is
~15 km wide in the B-B”’ profile and ~10 in the C-C’’ profile. The A-A’’ profile,
however, displays two distinct vertical structures that connect at ~2 km b.s.l (L1 and
L2, Figure 12a). Previous estimates place a shallow magma chamber at 6.3 km below



the summit based on the depth of the hornblende stability region for the 1998—1999
erupted lavas (Luhr, 2002) and the top at about 1.5 km depth below sea level based on
a low-density body in the gravimetric model of Medina et al. (1996).

The observation of an aseismic zone between 4 and 7 km depth during the 1991
and 1997-2000 activity of the volcano is believed to further indicate the existence of
this shallow magma reservoir below the summit (Nufiez-Cornu et al., 1994; Zobin et
al., 2002). All those estimates place a shallow magma chamber at a depth where our
model provides reliable observation of a low velocity anomaly.

4.2 Radial anisotropy

The combination of the shallower maximum sensi.ivi,,” depth of Love waves
compared to Rayleigh waves and the lack of long rei'~d .neasurements for Love
wave dispersion curves caused the radial anisotropy to “e apparently limited to above
5 km depth in our results.

Nevertheless, the association of a fault system with .e¢ magma transport under the
CVC is supported by the radial anisotroyy results. We focus this part on the
interpretation on the sign of the radial aris.’cory because the simplifications in the
inversion procedure, ignoring the topoora, "y and the P wave anisotropy, likely have
biased its absolute value. In a simil>. co text, however, Xie et al. (2013) and Mordret
et al. (2014b) showed that the sign si. v.d be robust.

In a volcanic environment »nd at crustal depths, radial anisotropy can be a very
good indicator of the dominant fa. -ic within the magmatic system and, consequently,
of the dominant type of intrus’ov . Partial melting can produce radial anisotropy with
oriented volcanic fluid-filled cracks strongly affecting the macro-mechanical
properties of the material (e., Gudmundsson, 2011), with common interpretations
pointing towards the presei.~e of sill layering, lava flows, dike networks or lenses of
partial melt. For examp.~. sill layering tends to produce positive radial anisotropy
because Vsv is globally slowed down due to the presence of molten material piled
horizontally (Jaxybu.~to " et al., 2014). Alternatively, active dike networks would
yield a negative an.. otropy because their vertically oriented structure would slow
down Vsh (.- . e ~cal, 2021; Mordret et al., 2014b).

A negative ~~uial anisotropy dominates the edifice above 5 km depth indicating
dominant vertical structures such as steep normal faults, jointing, and magmatic dike
intrusions. Some of these structures are exposed at the surface, such as the three
subvertical N-S-trending dikes crop out identified by Norini et al. (2010) in the inner
wall of the Paleofuego collapse scar. The N-S orientation of these dikes parallels the
alignment of the Nevado de Colima, Volcan de Colima, and Los Hijos domes and are
interpreted as evidence that the magma storage of the active CVC is drained by a
network of N-S-trending dikes.

Magmatic fluids are typically expected to accumulate in shallow magma-chambers in
horizontally extensive, overlapping sill-like structures (e.g., Jaxybulatov et al., 2014)



or horizontal lenses (Fournier, 1999). Nevertheless, the alignment of the low velocity
anomaly in our model with the TF suggests a development of magma ascent along
fault lines and shear zones that is further confirmed by the negative radial anisotropy.
This association indicates that faults and vertical magma-filled dikes are the likely
dominant structure in the edifice. Furthermore, the negative radial anisotropy
identified by Spica et al. (2017) under the CVC seems to extend deeper through the
crust, giving additional evidence of vertically extensive fluid- filled fractures in the
crust.

A preexisting fault zone such as the CR included potentially deep reaching
structures. This provides a natural pathway for fluids, witi ‘he high-permeability
damage zone and the low-permeability fault core, to allow mag »a to ascent to the
surface (e.g., Shelly et al., 2013).

Another interesting feature comes from the concurrer : mo.'eling of the gravimetric
and magnetic anomalies by Alvarez and Yutsis (2(15, Tney identified two low
density/ high magnetic susceptibility anomalies, interp.~ted as magma bodies, up to
~1.5 km b.s.l. that correspond with the first and tne s« cond negative anomaly along
the A-A’’ profile of our model (L1 and L2 respecu iy, Figure 12a). Between them
they identify a higher density anomaly at a cepth uf ~1.2 km b.s.l. below the
Yerbabuena depression that corresponds wi h “ne middle vertical anomaly along the
A-A’’ profile of our model. They interpre. ti..~ c.ructure as a now solidified intrusion
that induced a local gravity collar-~ 1tc'lowing its cooling. These features are
additional evidence pointing towar’.s a outhward migration of the volcanism in the
CVC, although they don’t provide -ear insights on the mechanism behind that
change. Alvarez and Yutsis (2C'5) identified another low-density region south of the
Yerbabuena depression that thev c.'led the “Southern Magma Body” and interpreted
as molten material. Although o1« -esults cannot confirm the presence of magma in
that area of the model, that 1nw Yer.sity body corresponds to the southernmost vertical
low velocity anomaly alor.g the A-A’’ profile (L2, Figure 12a) and should be further
investigated.

In the absence of sup ~orting evidence for a magma reservoir at such shallow
depths, the hydrotherm.' alteration could offer an alternative explanation for the
observed velocitv an¢ ~.ly. Low-velocity anomalies in the shallow crust have been
found on other -olca. oes such as Uturuncu volcano in the Andes (Jay et al., 2012),
and Mount >. He. s (Wang et al., 2017) where they interpreted the low-velocity
anomaly as a ighly fractured volume containing the magma conduit and
hydrothermal sy .tcems, but with most of the pore space in the volume likely filled with
hydrothermal fluids rather than melt.

Heap et al. (2021) looked at laboratory data for altered rhyodacites from Chaos
Crags (Lassen volcanic center) to ultimately emphasize that both the porosity-
decreasing alteration they explored and porosity-increasing alteration can promote
volcano instability and collapse, although by different mechanisms. This, in turn,
could increase the likelihood of volcano spreading, flank collapses, and
phreatic/phreatomagmatic explosions. This could be linked with the elevated collapse
rate of the CVC with the progressive weakening of the volcanic edifice by
hydrothermal alteration as a main indirect endogenous factor (Roverato et al., 2011).



The location of the low velocity zones relative to the TF establishes a strong
apparent relationship between the fault system and intrusive bodies that use such a
natural path of weakness to ascend through networks of interfingered dikes. Basement
fault activity beneath the volcanic edifice could have contributed to both the
formation of the TF and the frequent flank collapses at the CVC (e.g., Vidal and
Merle, 2000). A more comprehensive study of the seismicity using the decades of
existing seismic data would help to better investigate the tectonic structure in the
CVC and how they relate to active magma pathways in the crust.

Because the radial anisotropy alone does not fully support a fault-assisted magma
migration, further attention should be paid to possible process. < behind it. Theoretical
and field studies have overwhelmingly indicated that magma path. ys are determined
by host rock stresses, with magma moving along the path o mi.‘'mum energy within
a volcanic edifice (e.g., Rivalta et al., 2019). Magma ascend. to the surface through
dikes that align themselves with the most energy-cficic1t orientation, roughly
perpendicular to the least compressive principal stress xis =2 .

Along with structural features, stress is attributea ‘o generating the anisotropy
observed in the crust (e.g., Johnson et al., 2011). I. turl, both the local stress field and
inherent structures (topography, fault, collapsed calu. - structure, etc.) also impact the
development of complex magma plumbing svste as (Cuaussard and Amelung, 2014;
Tibaldi, 2015). This allows for distinguishi'g setween regions of stress-induced and
structural anisotropy around volcanoes (e.;,., » ~»~.son et al., 2011).

A better understanding of the stres~ ~on.'tions in the crust of the CVC could help
put in perspective their impact or volranic structures and processes, the observed
anisotropy, and potentially the TF. Iv. ssaro et al (2020) analyzed the stress-filled of
the CVC by integrating publis! ~d geophysical, volcanological, and petrological data
into a 2D finite-element model. 'L, ~ir modeling indicates that the majority of stress
variations are located at the tip. »f the magma chambers, implying a close-to-
equilibrium state of the volcar~ -.ssociated with a stress distribution induced by a
feeding system directly cnanec.~d to the surface. This is in agreement with the long-
lasting open conduit dynan.’ ~s that have lasted since 1913. Nevertheless, the low-
velocity anomaly corld .ome in part from the contribution of a highly fractured
region beneath the volc nic edifice generated by stress reorganization above the
magma storage, provid g magma pathways to the surface (e.g., Wang et al., 2017).

When it com s to the negative radial anisotropy, Spica et al. (2017) emphasized
that the she.n “tra. . extensional contexts preferentially orient the seismic slow axes
of the minerals a ong the vertical axis which is expected to induce a positive radial
anisotropy (e.g., Mainprice et al., 2000). The negative radial anisotropy is, therefore,
evidence that the shape-preferred orientation of vertical structures in the crust, likely
guiding fluids toward the surface, dominates over the crystallographic preferred
orientation at the CVC.

4.3 Insights from petrology

Petrological and geochemical studies focused on the CVC suggest the existence of
a complex underlying magmatic plumbing system, involving multiple magma storage



levels from the base of the crust to a shallow-level upper crustal magma storage
region, with deposits such as those of the major 1913 Plinian eruption of volcan de
Colima revealing a particular process of magma mixing or mingling (Crummy et al.,
2014). Pressure estimates from two-pyroxene barometry by Hughes et al. (2021)
suggest a magma mixing, crystallization, and remobilization at 15 km depth, in the
deep mushy magma storage identified by other seismic tomographies (Spica et al.,
2017; Sychev et al., 2019), prior to migration to a ‘spongy’ shallow magma reservoir.
Studies based on melt inclusions consistently show melt inclusion entrapment
depths in vapor saturated conditions of typically <8 km for interplinian activity (Atlas
et al., 2006; Reubi et al., 2013; Reubi and Blundy, 2008). W i'e the melt inclusions
from the major 1913 Plinian eruption reveal depths of entrapmen. -anging from 8.8 to
11.1 km, depths recorded by the 1998-2005 melt inclusion’ ina.-ate that the magma
from those recent eruptions was shallowly stored (Reubi e. »1, 2013). This Likely
matched the seismically active low-velocity anomaly ide atific 1 in our results. Atlas et
al. (20006) also analyzed melt inclusions of Volcan d: C.'.na that they determined
were trapped at depths of >12 km, and suggest that .~vor-saturated crystallization
most likely occurred during the ascent in a series «f inv ‘rconnected conduits in which
mixing is allowed rather than a large stratified mag. -z chamber. This corresponds to
the overwhelming negative radial anisotropy we observed pointing toward vertically
oriented structures, such as dikes and cracks as ch= source of the negative anomaly.

5. Conclusion

We used the group dispers’on ~urves of Rayleigh and Love waves extracted from
ambient seismic noise recorde { ¢n Volcan de Colima Complex to build a high-
resolution 3D model of the she >r wave velocity and the radial anisotropy in the upper-
crust.

The results indicate . network of deeply rooted NE-SW oriented low velocity
zones, parallel to the ~mazula fault, that connect at ~2 km b.s.l. This structure
overlaps a region ot 1.~e2 ive radial anisotropy that indicates that magma under volcan
de Colima follo ws v ttically oriented structures. In contrast, a distinct high-velocity
anomaly un'..~ N.va~.0 de Colima highlights the distinction between the former active
system, filled w. 4 solidified dikes and sills, and the current one, associated with a
network of flui”' _illed dikes.

This also indicate that the current shallow magma storage is dominated by
vertically oriented intrusion, rather than a large single volume of melt. As other
seismic tomographies (e.g., Escudero and Bandy, 2017; Spica et al., 2017; Sychev et
al., 2019), we speculate that the regional tectonics, specifically the Colima Rift
combined with a deeply rooted fault system, play a critical role in the transport of
magma from a deeper system through the weakened crust of the volcanic complex.
Our results offer the clearest insight to date on the internal structure of Volcan de
Colima, including the southward migration of the intrusions. This evolution is already
evidenced at the surface with structures Los Hijos parasitic domes and the



Yerbabuena depression which serve as indications of the further development of the
Colima Volcanic Complex.
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Highlights

We built the highest-resolution anisotropic shear wave velocity models to
date of Volcan de Colima

A distinct high-velocity anomaly under Nevado de Colima highlights the dis-
tinction between the former, now solidified, system

We observe a network of deeply rooted NE-SW oriented (o ' velocity zones,
parallel to the Tamazula fault

The negative radial anisotropy indicates that magn a un Jer volcan de Colima
follows vertically oriented structures such as dik. - and cracks



