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Abstract Sabancaya volcano is one of the most active volcanoes in the Central Andes. Its ongoing eruptive
process is accompanied by large-scale deformation, with activation of the Huambo-Cabanaconde fault system,
marked by intense seismicity over an area of about 50 X 30 km?. We present a pilot magnetotelluric survey
performed in 2022, covering the Ampato-Sabancaya complex, Hualca-Hualca volcano, as well as the related
system of normal faults. Our three-dimensional electrical resistivity model reveals pronounced vertical
gradients and lateral contrasts at elevations above sea level, along with generally low resistivity values at depth.
Seismicity at depths >4 km below sea level predominantly occurs in a low resistivity environment: 90% of
seismic events occur at resistivity values below 10 Qm. Two prominent electrical conductors (<0.5 and 2—

4 Qm) are imaged at depths 11-18 km and 3-8 km, respectively. Using petrological constraints, we interpret
them as the signature of the magmatic plumbing system, connecting the Hualca-Hualca and Ampato-Sabancaya
volcanoes. The deeper conductor is inferred to represent a magma reservoir situated beneath the older Hualca-
Hualca volcano, consistent with long-term deformation and seismicity. It is connected to the laterally offset
shallow magma chamber below Sabancaya. At depth 2-10 km, a strong conductor (<0.1 Qm) is imaged in the
Huambo-Cabanaconde fault zone. The extremely high conductivity of this body is attributed to the abundance of
ultra-saline brines, originating from the deep magma reservoir below. We speculate that the strong seismicity
cluster detected in 2013 facilitated the passage of magmatic fluids exsolved from the magma reservoir, and
replenished this ultra-conductive body.

Plain Language Summary Sabancaya volcano is one of the most active volcanoes in the Central
Andes. Its ongoing eruptions are accompanied by diverse activity across an area much larger than the volcanic
edifice, including strong earthquakes throughout the wider Colca region, and especially near a fault system close
to the Huambo—Cabanaconde area, more than 20 km from the volcano. In addition, large-scale deformation
affects the area centered on the older, dormant Hualca-Hualca volcano, about 10 km from Sabancaya. The goal of
this study is to image the magmatic plumbing system to better understand the eruptive history and the processes
driving this large-scale unrest. To do so, we use magnetotellurics, a passive geophysical imaging method that
measures subsurface electrical resistivity. The method is sensitive to fluids, including aqueous fluids and magma,
which allows us to propose a model of the crustal fluid distribution. We delineate the geometry of the magma-
feeding system beneath Hualca-Hualca, which appears connected to a shallow magma chamber directly beneath
Sabancaya. Above this magmatic system, at shallow depth, we image a hydrothermal system.

1. Introduction

Enhancing our knowledge of magmatic systems beneath active volcanoes will help designing volcanic moni-
toring, anticipate risk associated with volcanic eruptions, and improve the management of volcanic hazards
(Becerril et al., 2013; Chaussard & Amelung, 2014; Dong et al., 2023; Edmonds & Woods, 2018). The physical
and chemical processes occurring within a volcanic complex, where partial melt, hydrothermal systems, and
magmatic fluids coexist, control the timing, style, and magnitude of a volcanic eruption (Burchardt, 2018).
Moreover, the location of magma reservoirs and exsolved saline fluids is of economic interest due to their po-
tential for exploitation of geothermal energy and mineral resources (Blundy et al., 2021; Reinsch et al., 2017;
Watanabe et al., 2022).
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Figure 1. Simplified geological and structural maps of the Ampato-Sabancaya complex and the Hualca-Hualca volcano:
(a, b) show the location of Sabancaya volcano and the study area, marked with a red rectangle, situated at the northern end of
the Central Volcanic Zone (CVZ) of the Andes in southern Peru. Red triangles indicate the summits of the three volcanoes
mentioned in this study. (c) The orange tones represent Pleistocene andesitic lava flows associated with the ancient Hualca-
Hualca volcano, on which the Ampato edifice developed. The green color corresponds to the sequences of dacitic and
andesitic lavas of the Sabancaya edifice, overlaying the Ampato sequences. Faults are marked by black lines, and geothermal
manifestations such as thermal springs are shown as magenta rhombus symbols. The underlying information (geology,
faults, and geothermal features) was obtained from the GEOCATMIN system of INGEMMET https://geocatmin.ingemmet.
gob.pe/. Blue inverted triangles indicate magnetotelluric sites, while black circles of varying size represent the population
living along the Colca Canyon. The yellow dashed lines delimit the approximate zone of surface inflation (SI) and yellow
square the maximum inflation, which occurred between 2013 and 2019 (MacQueen et al., 2020), while the red dashed line
marks a zone of surface deflation (SD) between January 2012 and May 2013 (Jay et al., 2015).

Sabancaya volcano is located within the province of Caylloma, 70-75 km northwest of the city of Arequipa, the
second most populated city in Peru (Figure 1b), 15°49.3’S; 71° 52.7'W, and reaches an elevation of 5,980 m
above sea level (m a.s.l.). It is considered the second most active volcano in Peru after Ubinas (Rivera
et al., 2023). Sabancaya is usually assigned to the active Ampato-Sabancaya volcanic complex, and together with
its neighbor, dormant Hualca-Hualca volcano, belongs to the Central Volcanic Zone (CVZ) of the Andes. It is the
youngest of the three mentioned volcanoes (Samaniego et al., 2016).

Geodetic studies suggest the presence of a magma reservoir located at ~13 km depth beneath the Hualca-Hualca
volcano (Boixart et al., 2020; MacQueen et al., 2020). This deep magmatic reservoir is thought to feed and interact
with a shallower magma chamber at ~6 km depth located beneath Sabancaya (Gerbe & Thouret, 2004). In
addition, preliminary studies using the Self-Potential method provide evidence of a hydrothermal system beneath
the Ampato and Sabancaya volcanoes (Alvarez, 2017; Puma et al., 2018). Geochemical and seismic studies
suggest this hydrothermal system extends beneath Hualca-Hualca as well, manifesting at the surface through
sulfate-rich hot springs (e.g., Pinchollo and Puye Puye geysers), many of which are located along active fault
systems characterized by intense seismicity (Machacca et al., 2023; Tyc et al., 2022). However, these studies do
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not provide the geometry of the magma reservoir and conduits through which the magma ascends, making it
difficult to understand the origin of the seismicity pattern and the relationship between tectonic and volcanic
activity. For this reason, we performed a broadband magnetotelluric survey to characterize the geometry of the
plumbing system below this volcanic complex, encompassing also a system of adjacent normal faults reactivated
in the pre-eruptive phase of the latest episode (since 2013).

In active volcanic regions, numerous studies have employed multidisciplinary approaches to investigate the
structure and dynamics of magmatic and hydrothermal systems. Diaz et al. (2020) and Heise et al. (2024) have
correlated seismicity and magnetotelluric (MT) results, surface deformation, and petrology to investigate the
interactions between magmatic and tectonic processes. MT studies of Chilean volcanoes such as Villarrica (Pavez
et al., 2020) and Osorno (Diaz et al., 2020), have allowed for the delineation of the distribution of magmatic
bodies and hydrothermal systems, providing a detailed view of magma ascent mechanisms and the activation of
crustal faults. Moreover, studies on volcanoes such as Fogo in Azores Islands (Hogg et al., 2024) and Long Valley
Caldera in the United States (Peacock et al., 2016) have shown how the integration of MT data with seismicity and
surface deformation significantly enhances the understanding of magmatic systems in volcanic environments.

The MT method is a passive geophysical technique, that measures simultaneously the variations of the electric
and magnetic field at the Earth's surface (Cagniard, 1953; Tikhonov, 1950), and allows determining the electrical
resistivity from a few tens of meters to several hundreds of kilometers of depth (Simpson & Bahr, 2005).
Electrical resistivity is sensitive to the presence of fluids, temperature, rock alteration, and partial melt at greater
depths. Therefore, magnetotellurics is a well adapted tool to image hydrothermal and magmatic reservoirs. Under
certain conditions, it will allow estimating the fraction of magma in these reservoirs (e.g., Comeau et al., 2016;
Cordell et al., 2018; Hanneson & Unsworth, 2023; Jenkins et al., 2023; Wawrzyniak et al., 2025). This study aims
to advance our understanding of the structures beneath the Sabancaya volcano, offering new insights into the
hydrothermal system and the geometry of both shallow and deep magmatic reservoirs. In this paper, we analyze
data from 33 magnetotelluric soundings distributed around the Sabancaya, Ampato, and Hualca-Hualca vol-
canoes (Figure 1c). This enables us to obtain, for the first time, a three-dimensional crustal resistivity model of this
volcanic complex. The resistivity model, obtained using the ModEM code (Kelbert et al., 2014), will be discussed
in the light of seismic, geodetic, and petrological data (e.g., Boixart et al., 2020; Machacca et al., 2023; MacQueen
et al., 2020; Rivera et al., 2023). In particular, the correlation of seismicity patterns with the resistivity model
provides critical insights into the nature of seismic sources. We also compare our 3-D resistivity model to geodetic
models of the magmatic sources responsible for surface deformation (MacQueen et al., 2020). In a second step,
we estimate the range of possible partial melt fractions based on laboratory electrical resistivity values of hydrous
andesitic melts (Laumonier et al., 2017) using modified Archie's law (Glover et al., 2000), and we then compare
these estimates with recent petrological constraints derived from the latest eruptive products.

2. Geology of Sabancaya Volcano and Magma Composition

The Sabancaya volcano belongs to a region composed of Mesozoic and Cenozoic volcanic and sedimentary for-
mations (Sebrier & Soler, 1991). To the north, the Ampato-Sabancaya complex borders the Hualca-Hualca
(6,025 m a.s.l.), an ancient and highly eroded volcanic edifice. Its lavas emplaced on Pliocene ignimbrites form
the basis of the current volcanic complex. Dating by Gerbe and Thouret (2004) yielded an age of 0.80+0.04 Ma for
the andesitic lava flow of Hualca-Hualca. To the south, the Ampato stratovolcano (6,280 m a.s.l.) developed and
experienced several eruptive phases during the Upper Pleistocene to Holocene period (Rivera et al., 2016;
Samaniego et al., 2016). Dacitic lava flows from the upper part of the Ampato cone have been dated to 176 ka
(Samaniego et al., 2016).

In this paragraph we follow Rivera et al. (2016) and Samaniego et al. (2016) to give a short outline of the evolution
of the volcanic complex. Sabancaya has been active since the early Holocene (~6 ka). Its chronological devel-
opment consists of a sequence of dacitic and andesitic lava flows, along with pyroclastic deposits, and began after
volcanic activity had ceased at the neighboring Ampato volcano. The main evolution of Ampato occurred in two
stages during the Middle Pleistocene (~450 to 400 ka, and 230 to 200 ka), followed by effusive activity between
80 and 70 ka. With an eruptive rate of 0.6-1.7 km>/ka, significantly higher than that of Ampato (~0.1 km?/ka),
Sabancaya represents a highly active volcanic system.
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During its evolution, Sabancaya has emitted andesitic to dacitic lavas (58.2-65.7 wt% SiO,) with a medium to
high-K calc-alkaline affinity, high concentrations of LILE (K, Rb, Ba, Th), and low concentrations of HFSE (Nb,
Zr) and HREE (YD) (Rivera et al., 2023). These characteristics indicate that mantle-derived magmas have been
significantly affected by assimilation processes during their evolution (Rivera et al., 2023), due to the thick (65—
70 km) continental crust beneath the Central Volcanic Zone (CVZ) in southern Peru (Beck et al., 1996).

Over the last 500 years, Sabancaya's activity has been dominated by mild to moderate explosive eruptions with a
Volcanic Explosivity Index (VEI) ranging from 1 to 3 (Huaméin, 1995; Samaniego et al., 2016; Siebert
et al., 2011; Thouret et al., 1994). The most recent eruption of Sabancaya volcano, which lasted from 1990 to
1998, reached a VEI of 3 (Siebert et al., 2011) and was characterized by Vulcanian explosions and sustained ash
emissions (Gerbe & Thouret, 2004; Guillande & Throuret, 1992). The most intense phase of explosive activity
occurred between May and June 1990 and involved alternating Vulcanian and phreatomagmatic events (Gerbe &
Thouret, 2004). In 2013, Sabancaya entered a new eruptive phase marked by intense seismic activity (seismic
activity between 2013 and 2020 is briefly characterized in the following paragraph and will be described in more
detail in Section 2.3.) and persistent gas emissions. Since November 2016, the volcano has produced frequent
Vulcanian explosions with ash plumes and sustained seismicity, an activity that has continued through the present
(2025) (Centeno et al., 2025). This ongoing eruption is characterized by recurrent gas-and-ash explosions, with
eruptive columns reaching up to 5 km above the summit (July 2017), and by episodes of lava dome growth
documented between 2016 and 2020 (Rivera et al., 2023). Petrological studies indicate that the 1990-1998
eruption produced andesitic to dacitic magmas (60-64 wt% SiO,) (Gerbe & Thouret, 2004), whereas the prod-
ucts of the 2017 eruption were predominantly andesitic (58.2-61.2 wt% SiO,) (Rivera et al., 2023). Textural,
mineralogical, and chemical evidence suggest that the 1990-1998 eruptions primarily produced hybrid andesites
induced by magma recharge from more mafic magmas in a shallow reservoir. The crystallization pressure,
estimated from amphibole phenocrysts using the “Al-in hornblende” barometer, ranges from 200 to 350 MPa,
while the pre-eruptive temperature estimates for the magmas expelled during 1990-1998 are 940+50°C. Gerbe
and Thouret (2004) mention that in the dacite, the stability of amphibole requires a minimum of 4.2 wt% H,O.
This water content estimation is in agreement with the water content (3 and 6 wt%) estimated for andesitic,
dacitic, and rhyolitic magmas at the Ubinas volcano, located in a similar geo-tectonic setting (Samaniego
et al., 2020).

After approximately 15 years of rest, an episode of volcanic unrest began in February 2013 and has continued
through to the present (2025). The period 2013-2020, which is the focus of this study, was characterized by two
stages of activity: a pre-eruptive stage (2013-2016) with intense seismicity and degassing (Jay et al., 2015;
Machacca et al., 2023; Tavera et al., 2013), and a co-eruptive stage characterized by explosions with ash
emissions accompanied by surface deformation (Machacca et al., 2023; Puma & Torres, 2020). A common
feature of both periods is the occurrence of intense shallow seismic activity (hypocenters <17 km) of Volcano-
Tectonic (VT) type, with magnitudes up to M4.5, and epicenters located northwest, north, northeast of Sabancaya,
around Hualca-Hualca (Machacca et al., 2023). Recent seismological studies relate the intense VT-type activity to
magmatic intrusions and fluid pressure changes, destabilizing faults under critical stress (Machacca et al., 2023;
MacQueen et al., 2020; Puma & Torres, 2020).

2.1. Tectonic and Structural Control

Tectonic activity in the area surrounding the Colca Canyon, including the Ampato-Sabancaya complex and the
Hualca-Hualca volcano, is evidenced by the presence of numerous faults and lineaments. Geological studies
carried out in the Sabancaya region (Huaméan, 1995; Mering et al., 1996; Sébrier et al., 1985) identified at least
three active fault systems (see Figure 1c):

1. A system of normal faults, Ichupampa and Huanca, of northwest-southeast direction and strike N135°. It
presents mainly vertical movements with a small sinistral component (Antayhua et al., 2002; Mering
etal., 1996). On aregional scale, these faults are located within an extensional tectonic context, parallel to the
Peru-Chile rift (Huaman-Rodrigo et al., 1993; Mering et al., 1996). The Ichupampa fault is located northeast of
the Sabancaya volcano (Figure 1c).

2. The Huambo-Cabanaconde fault system comprising Trigal, Solarpampa and Mojopampa normal faults, with
east-west direction, N85°. This system is parallel to the Colca Canyon and located to the west and southwest of
the town of Cabanaconde (Figure 1c). The movement of the faults is linked to the tectonic activity that
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occurred during the Holocene (Antayhua et al., 2002; Sébrier et al., 1985). The Trigal and Solarpampa faults,
extending between 18 and 22 km in length, show southward displacement (Huaman, 1995; Sébrier
et al., 1985).

3. The Sepina fault, with northeast-southwest direction and N50° strike, has also a vertical movement. It is
located northeast of the Ampato-Sabancaya complex and Hualca-Hualca volcano, and crosses the Colca
Canyon (Figure 1c) and the localities of Achoma, Yanque and Coporaque (Huaman-Rodrigo et al., 1993;
Mering et al., 1996). This fault appears to be directly related to the Ampato-Sabancaya complex. Parallel to the
Sepina fault is the northeast-southwest Hualca-Hualca fault, which crosses the summit of the volcano of the
same name.

2.2. Surface Deformation

Previous deformation studies conducted in the Ampato-Sabancaya volcanic complex and Hualca-Hualca volcano
have provided a detailed view of the magmatic and tectonic activity in the region, using advanced techniques such
as DInSAR (Differential Synthetic Aperture Radar Interferometry) and GNSS (Global Navigation Satellite
System). Among the most prominent studies are those by Jay et al. (2015), MacQueen et al. (2020), and Boixart
et al. (2020), which analyzed the surface deformations related to the magmatic activity of Sabancaya volcano.
According to Jay et al. (2015), episodes of subsidence and uplift associated with Volcano-Tectonic (VT) swarms
and moderate magnitude earthquakes were identified, suggesting an interaction between magmatic and tectonic
processes in the region. On the other hand, MacQueen et al. (2020) identified the area of maximum deformation
between 2013 and 2019 at the summit of Hualca-Hualca, northwest of Sabancaya volcano, revealing interactions
between VT earthquakes, episodic magma intrusion, and high subsurface fluid pressures in the region. Boixart
et al. (2020) examined magmatic inflation and its relationship with the region's seismic dynamics, using DInSAR
and GNSS data acquired between 2014 and 2019. During this period, a notably high deformation rate was
observed, averaging 3—4 cm/year, particularly in the area located to the northwest of Sabancaya volcano, in the
Hualca-Hualca region. The surface deformation revealed radially symmetric inflation, with the highest intensity
located 7 km NNW of the main crater of Sabancaya, suggesting magma accumulation in the subsurface and its
relationship with the continuous eruptive activity at Sabancaya since 2016 (Boixart et al., 2020; MacQueen
et al., 2020).

These studies proposed from modeling that the magmatic intrusion, source of this surface deformation, should be
located at a depth between 13 and 14 km, according to MacQueen et al. (2020), and between 12 and 15 km,
according to Boixart et al. (2020), beneath the surface of Hualca-Hualca volcano. These depths were estimated
using a spherical pressure source model that adjusts the geodetic observations (Boixart et al., 2020). The inversion
is based on surface deformation measurements, comparing them with synthetic one generated by various
magmatic intrusion models. Additionally, the location of the surface deformation coincides with a high VT
seismic activity zone described by Machacca et al. (2023), located in the Hualca-Hualca region.

These results, along with the VT earthquakes, will be compared with the resistivity model obtained from our
magnetotelluric studies in Section 4. For this, the deflation surfaces (SD) characterized by ~6 cm of vertical
displacement, occurring between January 2012 and May 2013 (Jay et al., 2015), 4 km northeast of Sabancaya
volcano, with a diameter of approximately 7 km, will be used. Furthermore, the inflation surface (SI) of %20 cm,
observed between 2013 and 2019, located 7 km northwest of Sabancaya, with a diameter of =12 km, and the
maximum inflation point located near the highest point of Hualca-Hualca volcano [15°43.3’S; 71°51.60'W], will
also be correlated (MacQueen et al., 2020), see Figure 1c.

2.3. Seismicity

The Volcano-Tectonic earthquake catalog analyzed in this study was compiled by the Geophysical Institute of
Peru (IGP) through the National Volcanological Center (CENVUL), and spans from April 2013 to December
2020. VT earthquakes were recorded by both permanent and temporary seismic stations. In 2013, nine seismic
stations operated simultaneously, whereas between 2014 and 2020, the number of operational stations ranged
from three to seven (Machacca et al., 2023). Since 2019, the IGP-CENVUL has maintained up to seven real-time
seismic stations dedicated to monitoring Sabancaya volcano (https://www.igp.gob.pe/servicios/centro-vulcanolo
gico-nacional/).
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AND SPACE SCIENCES
Table 1
Seismic Catalogs
Parameter Catalog Refined catalog Main earthquake
Time window 04/2013-12/2020 04/2013-12/2020 2013-2020
Number of events 23,160 7229 14
Location method NonLinLoc NonLinLoc NA
Horizontal/vertical error (km) <10 <3 NA
Magnitude (M) 1-5.3 14.5 4.5-5.9
Hypocentral depth (km b.s.1.) 17 17 <60

The study conducted by Machacca et al. (2023) enhances the quality of the localization of VT earthquakes in the
Sabancaya region by developing a one-dimensional (1D) velocity model using the Velest code (Kissling
et al., 1994, 1995) and refining earthquake locations through the NonLinLoc software package (Lomax
et al., 2000). As a result, a comprehensive catalog of 23,160 earthquakes was compiled, with local magnitudes
(M) ranging from M1.0 to M5.3 and depth changes shallower than 17 km below sea level (from now on called b.
s.l.). The earthquakes in the catalog present horizontal errors of <5 km, vertical errors of <10 km, and a temporal
RMS < 0.35 s (see Table 1). Note that the maximum elevation of the earthquakes is 4.3 km because the top of the
1D velocity model is set to 4.3 km a.s.l., which corresponds to the mean free surface elevation of the study area
(Figure 2c¢). A limited number of events occurred above this depth, mainly related to eruptive seismicity, such as
Long-Period events, which are difficult to locate.

The large number of VT earthquakes recorded between 2013 and 2020 at Sabancaya was studied in detail through
a temporal and spatial distribution analysis, as described in Machacca et al. (2023). Through its national seismic
network installed throughout Peru, IGP also records major earthquakes with magnitudes >M4.0. During the study
period in the Sabancaya region, up to 14 significant events were recorded around the region with magnitudes
ranging between M4.5 and M5.9 (https://www.gob.pe/igp). Furthermore, the focal mechanisms of these events
were obtained from the Global Centroid Moment Tensor Catalog (https://www.globalcmt.org/).

For the purpose of this study, the total number of earthquakes in the catalog by Machacca et al. (2023) was
filtered, considering only those earthquakes with vertical and horizontal localization errors of <3 km (see Ta-
ble 1), resulting in a refined catalog of 7229 earthquakes. This filtering allows for a more precise delineation of
conductive bodies evidenced by the MT method in correlation with the depth distribution of seismicity.

In general, the refined catalog observed in the most seismically active regions shows seismic clusters embedded
within a circle of radius less than 23 km, located to the northwest, north, and northeast of the Sabancaya volcano
(Figures 2a and 2b). The distribution of the number of earthquakes as a function of depth (Figure 2c), suggests the
earthquakes are clustered at three depth levels (referring to the sea level). Referring to the Earth surface, three
clusters shown in Figure 2c are defined like follows: shallow (<3 km below the surface), intermediate (3-8 km
below the surface), and deep (>8 km below the surface).

In the following, we consider separately pre-and co-eruptive seismicity. According to MacQueen et al. (2020),
intense pre-eruptive activity has likely perturbed mechanical (and therefore, also electrical) properties of rocks
significantly. In contrast, co-eruptive seismicity would be assumed as contemporary with the snapshot of the MT
survey, and the possible evolution of the mechanical properties since the onset of eruptive process will be
neglected.

During the pre-eruptive and co-eruptive stages, different studies associate intense seismic activity with magmatic
intrusions and fluid pressure, which destabilize pre-existing faults subject to a state of critical stress (Machacca
et al., 2023; MacQueen et al., 2020; Puma & Torres, 2020; Torres, 2014). During the pre-eruptive stage, most of
the earthquakes developed in clusters at depths >8 km below the surface, are labeled deep earthquakes
(Figure 2a). Their location, with respect to the Sabancaya volcano and the zone of maximum deformation, varies
between 5 and 25 km in northwest and northeast directions. Four events with magnitudes between M4.5 and M5.0
were recorded in February 2013 (Tavera et al., 2013) southeast of Ampato. Their focal mechanisms indicate the
activation of strike-slip faults (Machacca et al., 2023). In July 2013, a seismic cluster was recorded with a main
earthquake of moment magnitude (Mw) 5.9, 15 km northwest of the Sabancaya crater. Its focal mechanism
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Figure 2. Seismicity 2013-2020 recorded in the Ampato-Sabancaya complex and Hualca-Hualca volcano. (a) Pre-eruptive
seismicity. (b) Co-eruptive seismicity. (c) Number of earthquakes as a function of depth related to the sea level. Referring to
the Earth surface, the same clusters are: shallow earthquakes in white (down to 3 km below the surface), intermediate-depth
earthquakes in gray (3-8 km), and deep earthquakes in black (>8 km below the surface). The green triangles represent the
permanent and temporary seismic stations used by the IGP for monitoring of the Sabancaya volcano.

corresponds to a normal fault, concordant with the Huambo-Cabanaconde normal fault system (Machacca
et al., 2023; Tavera et al., 2013). Three seismic clusters were identified along the Sepina fault: the first cluster,
located <5 km northeast of the Sabancaya volcano, under the zone of ground subsidence. In this zone, in August
2015, an M4.9 earthquake was recorded with a focal mechanism suggesting a strike-slip fault, concordant with the
Sepina lineament. The second cluster is located about 12 km from the Sabancaya volcano, with a main earthquake
of magnitude M4.8. Its focal mechanism suggests a normal fault, concordant with the Solarpampa-Puye Puye-
Pilo fault, which intercepts the Sepina fault. The third cluster is located about 25 km to the northeast, at the end of
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the Sepina fault, where it intersects the Ichupampa fault. The focal mechanism of the M5.3 main earthquake
suggests a strike-slip fault concordant with the Sepina lineament, although it is also associated with the Ichu-
pampa fault (Tavera et al., 2016).

During the co-eruptive stage, a predominance of shallow and intermediate earthquakes is observed to the north
and northeast of the Hualca-Hualca volcano, at depths <8 km b.s.1. (Figure 2b). Most of the deep earthquakes
were located northeast and southeast of the Sabancaya volcano. An important cluster of earthquakes shallower
than 8 km was located northeast of the center of maximum deformation and the Hualca-Hualca fault. The focal
mechanisms of the main earthquakes (M4.5, M4.9 and M5.0) are associated with normal faults, concordant with
the faulting system of the area (Machacca et al., 2023).

3. Magnetotelluric Data, Processing, and Inversion

A total of 33 broadband magnetotelluric (MT) soundings were recorded in November and December 2022 around
the Ampato-Sabancaya complex and Hualca-Hualca volcano, at an average distance of ~5 km between acqui-
sition sites (locations shown in Figure 1c), during the co-eruptive period of Sabancaya. We used Metronix
Geophysics instruments, ADU-08 data logger, MSF06e coils, and nonpolarizing electrodes (Pb/PbC12 EFP-06)
forming dipoles deployed following an orthogonal arrangement in geomagnetic N-S and E-W directions. Vertical
magnetic fields were only recorded at 17 sites because of digging difficulties. At each observation site, data were
recorded in two separate frequency bands: the first acquisition used a 65 kHz sampling rate with a duration of
15 min, while the second acquisition employed a 256 Hz sampling rate and lasted between 20 and 40 hr. Data of
two sites were disabled during processing step because of bad signal-to-noise ratio, likely due to the proximity
with the electric power line.

3.1. Processing and Data Visualization

From the magnetotelluric time series data, a transformation to the frequency domain allows estimating the
impedance tensor Z and the vertical magnetic transfer function T. The complex impedance tensor Z is defined as

(Chave & Jones, 2012):
Ex Zxx ny Hx
= )]
E, Zy Zy)\H,

More intuitive parameters, apparent resistivity (pa) and phase (¢), are calculated from the complex-valued im-

pedances. For the xy element, p,,,, is defined as

1 2
pu,xy (w) = Mo—wlzxy| s

and the corresponding phase ¢,

_ _y (Im (Z,,)

where @ = 2xf is the angular frequency and y, = 4n X 1077 H/m the magnetic permeability of the vacuum.

While apparent resistivity is affected by galvanic distortion originating from localized near-surface heteroge-
neities, the phase response is free of such distortions, and provides a convenient way of visualizing the mag-
netotelluric response (Caldwell et al., 2004). The phase tensor is calculated from the complex impedance Z as

@ =Re (Z)"'Im (Z). )

Finally, the vertical transfer function T, commonly referred to as “tipper,” is calculated as:
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T, T H
H, = (T, ")(Hy) ®)
We used the multivariate FFMT processing (Hering, 2019) as well as the ProcMT (provided by Metronix)
processing tools to analyze the measured time series. For the FFMT processing, we used pairs of simultaneously
recorded survey MT sites to implement a remote reference method. The distance between the local and reference
sites ranges between 15 and 40 km. Single site ProcMT processing was used for periods <100 s for which the
number of time segments did not allow robust statistical analysis. Consistency between apparent resistivity and
phase was checked using the p+ criterion (Parker & Booker, 1996). Processing results at all sites with a p+
criterion shown by a solid line are presented in Supporting Information S1 (pp 7-38). The data quality was in
general good, so that less than 5% of the raw data were removed using this criterion.

The data show a general trend of resistivity decrease with depth, as illustrated in Figure S1 in Supporting In-
formation S1, superposing apparent resistivity and phases at all sites on one single plot. Figure 3 presents ex-
amples of transfer functions for three different sites, where the points represent the apparent resistivity and phase
of the four impedance elements (Zsys Zyys Ziss and Zyy), along with the corresponding error bars, later used in the
inversion. Most of the data exhibit high quality, certainly because Sabancaya volcano is located far from possible
noise sources. Interestingly, some stations in the northern part of the volcano recorded periods of up to 3000 s,
enabling the investigation of deeper zones beneath Sabancaya.

Figures 4 and 8 depict the phase tensor (Booker, 2014; Caldwell et al., 2004) for the observed and predicted data,
respectively. The phase tensor can be represented graphically as an ellipse, whose elongation is oriented in the
direction of strongest resistivity gradient. They are shown here as ellipses alongside the induction vectors
(Parkinson, 1962). This visualization offers a general view of the primary geoelectric characteristics present in the

MT sounding prior to the inversion process. The ellipses are colored by the ¢, phases defined as ¢, = +/det(®),
presenting the geometrical mean of the principal phases (Booker, 2014). ¢, values below 45° (cool colors)
suggest an increase in resistivity with depth, indicative of more resistive media, while ¢, exceeding 45° (warm
colors) point to an increase in conductivity with depth. In the maps, at short periods (0.05 s; Figure 4a), high
values to the east of the study area could indicate the presence of shallow conductors (in volcanic environments it
is typically associated with the hydrothermal system). At a period of 20 s (Figure 4b), extremely high ¢, phases
are observed in the Huambo-Cabanaconde fault area. At lower periods Figures (100-200 s; 4c and 4d), high
phases are detected at sites in the center of the survey, while at longer periods (500-1000 s; Figures 4e and 4f),
phase values decrease at all sites to values near 45°, indicating an increase in resistivity at greater depths. These
results suggest that the sounding data are sensitive to structures below the deepest conductive feature.

Induction vectors, as shown in Figures 4b, 4c, 8b, and 8c, are a graphical representation of the vertical transfer
function T, and provide insights into the lateral heterogeneity of the subsurface (Parkinson, 1962; Wiese, 1962).
Large vectors indicate abrupt conductivity changes, suggesting the presence of nearby conductive structures, such
as the Huambo-Cabanaconde fault system, which runs parallel to the Colca Canyon. In contrast, small vectors
reflect a more homogeneous medium with less pronounced resistivity gradients, as observed in Figures 4a and 8a.
Finally, geoelectric strikes calculated using impedance and phase tensors are consistent with main geological
lineaments in Figures S2 and S3 in Supporting Information S1. The strike directions are calculated with mtpy-v2
code (Kirkby et al., 2019) for the full frequency range of data, indicating heterogeneous resistivity at depth.

3.2. Magnetotelluric Inversion

The rough topography and heterogeneity in the area of interest requires 3D modeling. We employed the
frequently used inversion code ModEM (Kelbert et al., 2014), based on a structured-grid finite integration for-
ward model, implementing a Bayesian approach (Rodgers, 2000; Tarantola, 2005). Defining the objective
function

© = (glm] — d)'C;'(g[m] —d)+
)‘(m - ma)TC,;l (m - ma) (4)
= ||C;"*(glm] — d)|* + 4]|C;,"/* (m — m,)||*,
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Figure 3. Examples of apparent resistivity and phase curves of the impedance tensor for sites HLC3, HUAM, and GEIS. The
apparent resistivity (upper panels) and phase (lower panels) calculated from the off-diagonal and diagonal elements of Z are
shown as an example of data quality. Dots represent the observed data while the plain lines represent the predicted data obtained
from the best 3D electrical model obtained after inversion, and discussed in Section 4.
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Figure 4. Phase tensor obtained from measured data represented as ellipses for different periods (in seconds). Color scale
quantifies ¢,, the geometric average of the principal phases. Red arrows represent the induction vectors (see Figures a—c).
High phases, highlighted by warm colors, correspond to decreasing resistivity with increasing depth, while cool colors indicate
increasing resistivity with depth.

the final model is obtained iteratively, minimizing the objective function defined in Equation 4. This equation
combines two terms, where the first describes the misfit (the difference between the observed and predicted data)
and the second is a regularization term. Here, d is the data vector, m is the model vector, 4 is a trade-off parameter,

and C;' and C;;' are the inverse prior data and model covariances.

The former is assumed diagonal, containing the observational errors, i. ., the squared standard deviation le ina
Gaussian framework. The implementation of the latter in ModEM is based on an exponential covariance, which

|l'ij|

means that the spatial part is proportional to the term exp (— 7

) in each direction, where r; is the distance

between points i and j in the model, and L is a correlation length, determining the area of influence. Note that in
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T ModEM, the r;; and L values are measured as the difference of cell indices,
able 2 J

Magnetotelluric Acquisition and Modeling Parameters

not physical distance. The prior parameter covariance matrix C,, and its

Acquisition

inverse are never formed explicitly, but the action of the corresponding

Acquisition duration (h)
Data used (s)
Processing

Model parameters

Mesh

Error floors

Fixed error

Fixed error

Parameter o

Final nRMS

Horizontal

Vertical

Impedance

Phase tensor

Tipper

square root on the parameter vector m is realized through successive

2 autoregressive one dimensional filters, controlled by parameters «; ; for the
107 to 3000 corresponding directions. Their values are required to be between 0 and 1,
FFMT, ProcMT and related to the desired correlation length defined as L = —ﬁ. We

inverted impedances, tippers, and phase tensors, gradually decreasing «,
67 x 79 cells (950 m X 950 m) thus allowing more roughness in the model. In the framework of ModEM,

13 padding cells this amounts to reducing the spatial correlation length for the prior

105 cells

Initial 90 m, Increase factor 1.1 To achieve an optimal balance between the regularizing second term in
Equation 4 and the data fit, a trade-off parameter, A, is introduced. In the

parameter covariance.

framework of ModEM, A is determined internally, starting from a value given
ozv = 0.1 V |Z.\:xey| . . . .
by the user, and successively decreasing until no further improvement of the
fit occurs. Details can be found in Egbert and Kelbert (2012) and Kelbert
ozey = 0.05/|ZyZy| et al. (2014).
0zpx = 0.054/|ZyZy|

Ozyy = 0.1

A mesh with a horizontal cell dimension of 950 m X 950 m in the core area
with 41 X 53 cells was set up. Outside the core, the cell sizes increased by a
Opsx = Opyy = 0.15 factor of 1.3 in both directions, in order to satisfy the respective boundary
Opxy = Opy = 0.2 conditions. In this way, the core area of about 38x50 cells is embedded in an
approximately 280 km X 290 km horizontal mesh. Vertically, 105 cells were

used, with sizes starting from a thickness of 90 m increasing by a factor of 1.1

=008 downwards, representative of the diffusive nature of the electromagnetic
oy = (S signals used in MT. This mesh size and increase factor was chosen to balance
0.3,0.1 computational efficiency and model resolution. High resolution topographic
1.36 data were used (https://www.gmrt.org), subsequently interpolated from the

original 30 m to fit the horizontal mesh of the model.

To prepare the data for the inversion, errors for the observations need to be provided. There are several effects
which may produce very small errors in the impedances. One is a purely statistical effect, as a consequence of the
very high numbers of spectra at high frequencies produced by frequency domain processing. However, reliable
estimates in MT require the satisfaction of a few more assumptions. One problem can originate from the
dominating highly polarized signals, usually but not always produced by man-made sources. These will also
display high coherencies, and thus small errors. For the former, the common remedy of introducing error floors to
reduce their influence is useful. Unfortunately this is not possible in the case of bias due to source field char-
acteristics (e.g., near-field effects in man-made noise, or the Equatorial Electrojet (EEJ)), which need to be treated
otherwise. In the case of the data under consideration a contamination by man-made coherent noise is neither
probable nor evident. We will return to a possible bias by the non-uniform and time-dependent electrojet below.

MT works with time series which contain information on a frequency range of more than 6 decades. As the
absolute values of the impedances can vary over several orders of magnitude, the error floors for the impedance
components were defined as relative errors, with the off-diagonals on their geometric means and the diagonals on
geometric means of the rows of the impedance tensor. Fixed errors were assigned to phase tensor and tipper
components. Please refer to Table 2 for settings, and error definition on all inversion parameters: impedance (Z),
phase tensor (P), and tippers (T).

Figure 5 shows the workflow of the 3D inversion, which was carried out in three stages to improve the resolution
of the resistivity model, at the same time ensuring numerical stability. First, a joint inversion of impedance and
tipper (ZT) was performed, using various prior models with the default parameter a = 0.3, chosen after per-
forming trial and error tests (not shown here). A prior homogeneous model of 20 Qm provided the best fit to the
observed data (see Figure S1 in Supporting Information S1). In the second step, the resulting model was used as
prior model for the inversion of the phase tensor (P) with = 0.3. Basing on the results of this step, a static shift
correction was applied, and a new impedance inversion (Z) was performed with a smaller smoothing (¢ = 0.1).
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Figure 5. Steps followed for the 3D inversion of the Ampato-Sabancaya complex and Hualca-Hualca volcano MT data. (a) The impedance and tipper data were inverted
with different prior models, with the best fit obtained for 20 Qm. (b) Using the best impedance inversion model as a prior model m,, the phase tensor was inverted. Using
the best phase tensor (P) inversion, we applied a static shift correction to the data. (c¢) The shift-corrected impedance tensor was inverted again with a smaller «, allowing

more structure.

This strategy enabled capturing increasing structural complexity in the subsurface. As a result of this sequential
inversion, a final nRMS of 1.36 was obtained. The nRMS is a common measure of the data fit, defined by

nRMS = N;'2(|C7"* (g[m] - d)]I. ®)

where d is the vector of observed data, glm] is the corresponding model prediction, and N, is the number of
observations.

As the magnetic equator crossed Peru, one may suspect that the Equatorial Electrojet (EEJ) and related phe-
nomena may influence the observations and thus our models. Sabancaya is more than 600 km (6°) away from the
magnetic dip equator, which is currently slightly north of Lima (https://www.ncei.noaa.gov/products/world-ma
gnetic-model). While we can not rule out an influence of the EEJ on our data, we think it is minor and only
influences our modeling weakly from the results discussed below.

It is well known that the largest influence occurs in H, entering our modeling only through the tippers in the first
step. It is detectable mainly at long periods >100 s, where scatter and error bars are already larger due to the
smaller number of samples. Due to issues beyond our control, we could only use tipper measurements at 12 sites,
and not at all periods.

The impedance is believed to be less affected than the tipper. The classical studies on EEJ interference with MT
(Dmitriev & Berdichevsky, 1979; Padilha, 1999; Padilha et al., 1997; Viljanen, 2012) all agree that the effect on
MT impedances is not significant in the period range considered here. Dmitriev and Berdichevsky (1979) argued
that, above a layered Earth, MT data can be interpreted in the usual way even when the source field varies linearly
over a scale of up to three skin depths. Analyzing MT results in a 5° strip around the magnetic equator
(Padilha, 1999; Padilha et al., 1997) conclude that even for the worst case of high subsurface resistivity, the MT
impedances change little up to periods of 1000 s. Around Sabancaya the average subsurface resistivity is quite
low (=10 Qm).

4. Results

Examples of the transfer function differences between observed data and predicted data at three sites are shown in
Figure 3. The off-diagonal elements of the impedance are predicted better than the main-diagonal, but in general
the misfit is relatively low. The quality of the data fit can also be evaluated comparing the observed phase tensors
(Figure 4) with predicted phase (Figure 8).

Figures 6, 7, and 9 show horizontal and vertical sections extracted from the final 3D resistivity model.
They are characterized by strong lateral resistivity contrasts at shallow and intermediate depths, and
generally low resistivity below. In the following, we focus on the main conductive features labeled C1 to
C3 (Table 3).

TORRES ET AL.

13 of 26

85U9017 SUOWIWIOD AITES1D Bedldde au) Aq peussnob ae SapIe YO ‘8sN Jo 3N 10} Aleuq18UlUO 431 UO (SUONIPUOI-pUE-SWLBY/W0Y A3 1M Ale.q [l juo//:Sdny) SUONIPUOD pue swie | 8L 88S *[9202/70/22] o Azeiqiauljuo AS|IM Nied aueiyooD Ad £08TE0ErSZ0Z/620T OT/I0p/W0d Aa|Im A e g 1jpuljuo'sqndnBey/:sdiy Wwoy pspeojumoq ‘Z ‘920z ‘9SE669TZ


https://www.ncei.noaa.gov/products/world-magnetic-model
https://www.ncei.noaa.gov/products/world-magnetic-model

A~
M\\I Journal of Geophysical Research: Solid Earth 10.1029/2025JB031803

ADVANCING EARTH
AND SPACE SCIENCES

Depth: 3.5 km a.s.l.
T % N 6;. e
s 5 %‘7/5

£

82701+

Northing (Km)

A

.
/" Sabgndaya b
1 Ampatod &

8240

LN
Aripatgy, €21

Northing (Km)

170 180 190 200 210

Easting (Km)
I FEEPTEEE T e —
0.1 1.0 10 100 1000
Resistivity {Qm)

Figure 6. Horizontal sections extracted from the 3D resistivity model,
combined with corresponding seismicity. Black dots mark pre-eruptive stage
earthquakes (2013-11/2016), gray dots are from the co-eruptive stage (11/
2016-2020). The locations of the N-S, W-E and SW-NE vertical sections in
Figures 9 and 10 are shown in white dashed lines. (a) Horizontal slice at
3.5 km a.s.l. (seismic events from depth interval 4.2-2.5 km a.s.L.).

(b) Horizontal section at 0 km a.s.l. (seismic events from depth interval 2.5—
1 km b.s.l.).

4.1. Surface Conductor C1

The C1 conductor has a resistivity ranging between 1 and 10 Qm, with the top
of this body located between 5.0 and 3.5 km above sea level beneath the
Sabancaya-Ampato and Hualca-Hualca volcanoes, where it is overlain by a
high resistivity layer (=100-1,000 Qm). Its geoelectric properties are variable
and show patterns that follow the volcanic topography, and it extends in a
southeast-northeast direction from Sabancaya toward the Sallalli and Sepina
areas (Figures 6, 7, and 9).

Superimposing C1 with seismicity between 4.2 and 2.5 km a.s.l. shows that
most of the earthquakes occurred during the co-eruptive phase, clustered north
of Hualca-Hualca volcano, while only a few earthquakes were recorded
during the pre-eruptive phase, mainly located along the distal faults
(Figure 6a). Seismic grouping is observed outside and 10 km northeast of the
maximum deformation, within the resistive zone. At this depth level, the
earthquakes do form seismic groups in the Maca area. In addition, two other
groups occurred during the pre-eruptive and eruptive stages: the closest is
distributed 12 km from Hualca-Hualca, where a reverse fault that intersects
the Sepina fault; the second group is located 20 km from the Hualca-Hualca,
where the Ichupampa normal fault was reported as reactivated in August 2016
(Machacca et al., 2023; Tavera et al., 2016), and presents a distribution aligned
with the northeastern end of the Sepina fault.

4.2. Intermediate Conductors C2

To the northwest and southeast of the surface inflation zone, three conductors
(C2.1, C2.2, and C2.3) are observed. The conductor C2.1 varies in depth from
approximately 3 km a.s.l. to 2 km b.s.l., beneath Sabancaya, slightly offset to
the east of the volcano. It has a relatively homogeneous resistivity between 1
and 5 Qm. Vertical cross-sections (Figure 9a) show that, C2.1 is directly
connected to conductor C3. On the vicinity of C2.1, a 6 cm deflation zone was
recorded by InSAR imagery in 2013 (Jay et al., 2015; Torres, 2014). Overlain
with seismicity in the depth interval from 2.5 km a.s.l. to 1 km b.s.1., it in-
dicates that C2.1 lies within an aseismic zone. A petrological study by Gerbe
and Thouret (2004) associates this aseismic sector with a shallow magmatic
chamber of Sabancaya located at approximately 6 km depth, which is
consistent with our model of this low-resistivity zone.

At intermediate depths, the C2.2 conductor has an extremely low resistivity,
lower than 0.1 Qm. It is located northwest of the Sabancaya volcano and of the
western sector of maximum deformation, between approximately 3 km a.s.1.
and 7 km b.s.l. beneath the Huambo-Cabanaconde fault system. It then ex-

tends southeastward to a depth of down to 14 km b.s.]. However, the southeast sector of the C2.2 anomaly has a
poor MT sounding coverage, and its extension may reflect an inversion artifact. Also, C2.2 lies over a highly
resistive zone (R2) of up to 1000 Q@m. Compared to the seismicity in the depth interval from 1 to 6 km b.s.1, the
northwest sector of C2.2 is seismically quiet. As it deepens, it connects with anomaly C3, in a transition zone

marked by a seismic grouping only observed during the pre-eruptive stage of the Sabancaya volcano. This seismic

sequence and observed surface deformation from July 2013, are associated with the activation of the Solarpampa
and Triga normal faults (Jay et al., 2015; Machacca et al., 2023; Tavera et al., 2013).

C2.3, to the South and East beneath Ampato volcano, lies between approximately 2 km a.s.l. and 6 km b.s.1., with

a northeast to southeast direction, extending over 25 km. Resistivities lower than 1.0 Qm are observed.

At a depth of 5 km b.s.1., an overlap between conductors C2.3 and C3 is observed in a region coinciding with a
seismic grouping which was monitored during the pre-eruptive and eruptive stages.
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; Figure 6b shows a highly resistive feature located between the C2.2 and C2.3

bodies coinciding with a fault, which we call here the Hualca-Hualca fault,
with a northeast-southwest orientation. At the northeastern end of the fault, at
depths between 2.0 km a.s.l and 1 km b.s.1., a seismic group recorded during
the co-eruptive phase can be observed.

4.3. Deep Conductor C3

The C3 conductor is located northeast of the maximum deformation and
north-northwest of the Sabancaya volcano. It has a size of 25 km in length and
15 km in width. The top of the conductor is located between approximately 5
and 6.5 km b.s.l. and continues down to approximately 12 km b.s.l. beneath
the Hualca-Hualca volcano. Conductor C3 has resistivity ranging between 0.2
and 0.5 Qm. Above C3 there is a highly resistive zone of up to 1000 Qm (R1).

8270

Northing (Km)

8250

8240

The seismicity in the depth interval from 6 to 17 km b.s.1. indicates clusters of
earthquakes along the border of the C3 conductor, with a low seismicity zone
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quakes were mostly recorded in the pre-eruptive stage and are observed along
normal and reverse faults.

4.4. Sensitivity Study

In order to understand whether our observations constrain certain prominent
conductive features of our model, we applied nonlinear tests similar to the
ones proposed in Nolasco et al. (1998); Heise et al. (2024). To establish that
our model requires resistivity values less than 1 Qm, we replaced conductive
anomalies below 1 Qm (such as anomalies C2.2 and C3) with a homogeneous
value of 1 Qm and subsequently performed forward modeling to compare the

¥ synthetic and observed data. The results indicate that the nRMS dramatically
170 180 190 200 210 increases, especially at frequencies below 0.1 Hz (10 s), and at stations
sastingsm) CHAQ, MURU, GEIS, and HLC3 (see Figure 11).
] 111 —
0.1 1.0 10 100 1000 Figure 12 compares the nRMS of observed data and synthetic data generated
Resistivity (Qm)

Figure 7. Horizontal sections extracted from the 3D resistivity model,
combined with corresponding seismicity. Black dots mark pre-eruptive stage
earthquakes (2013-11/2016), gray dots are from the co-eruptive stage (11/
2016-2020). (a) Horizontal slice at 5 km b.s.l. (seismic events from depth
interval 1-6 km b.s.1.). (b) Horizontal slice at 12 km b.s.1. (seismic events

deeper than 6 km b.s.1.).

for a model perturbed in the described manner for different resistivity
thresholds. Similar as in previous Figure, the model resistivities lower than a
threshold value in a set (0.001, 0.01. 0.1, 0.2, 0.4 Qm) were replaced with this
threshold value and synthetic data were created and compared to the obser-
vations. The data were considered in different frequency ranges and Figure 12
shows a significant nRMS increase, especially at low frequencies. Note that
the number of perturbed cells depends on the threshold and decreases with the
decrease of the threshold value. In an extreme case of p,;,,,., = 0.001 Qm, there
are no model cells below this threshold and there is no model perturbation; the nRMS value will in this case will
be the nRMS of the best model. This sensitivity study suggests that the presence of highly conductive anomalies
are well constrained by the data, including low frequencies/greater depths.

Sensitivity studies concerning C2.1 and C3 bodies are presented in the Supporting Information S1 (Figure S4).
They include nRMS-vs-resistivity plots to define the uncertainty of the model resistivity of these bodies. As
follows from Figure S4c in Supporting Information S1, resistivity of the C2.1 body has an optimal value of 1-5
Qm. Figure S4f in Supporting Information S1 shows nRMS against resistivity plot for C3 body, with resistivity
close to 0.4-0.6 Qm (see section “Sensitivity study for C2.1 and C3 bodies” of Supporting Information S1).

5. Discussion

5.1. Seismicity Distribution as Indication of Aseismic Behavior

Seismicity is intimately related to the matrix rheology (Amitrano, 2003) and can be used to reduce the parameter
space of possible melt fraction estimations. We consider the distribution of seismic events as a function of
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Figure 8. Phase tensors predicted by the best model obtained after inversion for the same frequencies as shown in Figure 4.
Similarity with the Figure 4 demonstrates the quality of the inversion process that captures the principal features of the data.

electrical resistivity to find a minimum value of model cell resistivity for which seismic events can still occur
(resistivity of aseismic transition).

To this end, we calculate the number of seismic events and the corresponding moments for the model cells located
in the central part of our model, namely, inside an ellipsoid with X, y, and z semi-axes 23, 28 and 14 km, centered
at a depth of 6 km b.s.1. with geographical coordinates [—15.767, —71.854]. Air and padding cells are excluded.
The resulting seismicity-resistivity plot is shown in Figure 13.

For simplicity, we consider first the depths below 4 km b.s.1. only (8 km below the surface), taking into account
the bimodal distribution of seismicity (Figure 13c). Splitting the distribution according to depth provides a simple
possibility to separate the mush and deep magma reservoir (C3 conductor) from the shallow magma chamber
C2.1, hydrothermal fluids and their alteration products (C1), or exsolved magmatic brines (C2.2). At a greater
depth, we assume the conductors to represent magmatic bodies with high enough melt content.
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Figure 9. Vertical sections extracted from the 3D resistivity model. Each
section shows seismic events within a 4.0 km section, where black dots
represent pre-eruptive stage earthquakes (2013-11/2016), gray dots refer to
the co-eruptive stage (11/2016-2020). The black dashed line shows
tentatively ductile-brittle transition zone (BDT) qualitatively based on
seismic distribution and MT model. Vertical black dashed lines represent
known distal faults. White dashed lines show the intersection of the N-S and
W-E vertical sections and a horizontal section at 12 km b.s.l (Figure 7 B).
Magenta symbols represent hydrothermal manifestations. (a) N-S section
through the Hualca-Hualca, Sabancaya, and Ampato volcanoes. (b) W-E
section through the Hualca-Hualca volcano.

We define the resistivity of aseismic transition as a break point of the seismic
moment-resistivity distribution, marked by a dashed red line in Figure 13b.
The threshold corresponds to a 8%—10% percentile, or a resistivity value of
Paseismic 0.6 Qm. Almost 15% of deep seismic events occur at low re-
sistivities, <1 Qm (for comparison, the resistivity of the seawater is 0.3 Qm).
Such low resistivity values obtained at more than 8 km below the surface are
indicative of magma reservoir with relatively high partial melt and/or water

content, which will be discussed below.

5.2. Some Speculations About the Evolution of Electrical Resistivity
Structure

Figures 13c—13f shows similar scatter plots including a full depth range,
considering both co-and pre-eruptive catalogs. Noteworthy, the pre-eruptive
seismicity is plotted against the co-eruptive resistivity structure (Figures 13e
and 13f). The shift toward lower resistivities values between Figures 13¢c—13f
may be attributed to the alteration of rocks that have occurred since the onset
of the current eruptive process. It is important to keep in mind that only a 2022
snapshot of electrical resistivity is available, while the seismicity was
recorded over several years of changing volcanic activity. Following Mac-
Queen et al. (2020), the pre-eruptive activity, with the strongest events
reaching the magnitude Mw = 5.9, has created pathways for magmatic fluids,
which could have lead to a significant change of the electrical and mechanical
properties of rocks. In a pre-eruptive period of 2013-2016, close to 90% of
seismic events occurred and up to 90% of seismic energy were released in an
environment that in 2022 is characterized by resistivity below 10 Qm. In the
following, we consider the evolution of the resistivity structure since the onset
of eruptive process negligible in comparison with strong horizontal and
vertical contrasts of the resistivity model. In other words, we consider co-
eruptive seismicity as contemporary with the resistivity model.

5.3. Melt Fraction and Porosity Estimates

Four main conductive features (C1, C2.1, C2.2, C2.3, and C3) are identified
from the best resistivity model (Figures 6—10), their parameters are summa-
rized in Table 3. The deep C3 body is tentatively identified with the magma
reservoir, while the shallow C1 could be the signature of aqueous fluids as
suggested by Self-Potential (SP) studies (Alvarez, 2017; Puma et al., 2018).
Interpretation of the intermediate depth features is less straightforward as both
magmatic and aqueous fluids can be present at intermediate depths.

The presence of crustal fluids (aqueous or magma) reduces the mechanical
strength of rocks, and generally decreases the electrical resistivity
(Aizawa, 2016; Becken et al., 2011; Liu & Hasterok, 2016). The transition
from a solid-state to a melt-dominated creep rheology has been extensively

Table 3
Summary of the Analysis of the Five Conductive Anomalies
Pave Depth Depth

Feature type Name Qm (km above sea level) (km below surface)
Magma bodies C2.1 1.0-5.0 3.0—-2.0 3.0-8.0

C3 0.2-0.5 -5.0——12.0 11.0-18.0
Magmatic fluids C22 0.1 3.0--5.0 2.0-10.0

C23 0.1 2.0-—6.0 2.0-10.0
Hydrothermal system Cl 1.0-10.0 5.0-3.5 1.0-2.0
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Figure 10. Vertical section parallel to the Sepina fault. The black and gray
points represent pre- and co-eruptive seismicity. The vertical dashed lines
represent distal faults discussed in Section 5.5.

RMS (best model) =1.70

introduced: (a) a liquid percolation threshold above which melt pockets can
connect (=0.08), ductile deformation occurs, while seismic shear velocity
decreases; (b) a critical melt fraction near 0.3-0.4, above which the large scale
deformation is possible and melt behaves as liquid and can be considered
eruptible (Arzi, 1978; Bennington et al., 2025; Takeda & Obata, 2003;
Vigneresse et al., 1996). The eruptible magma threshold can also be seen as a
boundary between the ductile domain where the seismicity is still possible,
and the domain where shear failure is not possible anymore. According to this
reasoning, seismicity is an indicator of the magma melt fraction being below
the critical porosity of 0.35 = 0.05.

To link the distribution of electrical resistivity to the melt fraction (related to
the rheology of the crust), we first need to know the resistivity of the melt. For
andesitic magma, we use the empirical equation established by Laumonier
etal. (2017) connecting the conductivity of the melt o ; at a given temperature
T, pressure P and water content w. Figure 14a shows calculated melt con-
ductivity for an andesitic composition under temperature-pressure conditions
and water saturation levels consistent with experimental petrology results
(Gerbe & Thouret, 2004).

RMS (best model) =1.76

RMS (10m) = 3.26 RMS (10m) = 2.35
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Figure 11. Sensitivity analysis performed for the main anomalies C2.2 and C3. The profiles on the left side show: (a) the best resistivity model, and (b) the edited
resistivity model, where resistivities lower than 1 Qm were replaced with this threshold value. The graphs on the right side compare the measured data with the response
of the calculated data after editing the resistivity model for stations MURU, CHAQ, GEIS, and HLC3, respectively. Additionally, the nRMS of the best resistivity model

and the nRMS of the edited resistivity model are displayed above the graphs.
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In a next step, the magma fraction can be estimated by comparing the theo-

4+ Period range retical melt resistivity and the bulk resistivity determined from 3D inversion

nRMS
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Figure 12. nRMS between the best and perturbed models (as shown in

previous Figure) for various threshold values of resistivity. Note that the
number of perturbed cells depends on the threshold and decreases with the
decrease of the threshold value. At very low threshold values, the nRMS
converges to the best model because very little or no perturbation are

applied.

of field data. To this end, we use the modified Archie's law, which relates bulk
conductivity o, to melt fraction ¢, conductivity of rocks o,, and pore fluids or
melts o as (Glover et al., 2000):

op=0pd" +0,(1—0), 6)
where m is melt connectivity exponent, and p is calculated as:

_log(1 - ")
log(1—-¢)

When m = 1, the fluid phase in the rock matrix is fully connected, whereas
larger values of m indicate lower connectivity. Equation 6 was used to esti-
mate the melt fraction of the volcanic magmatic bodies using our resistivity
distribution (Bennington et al., 2025; Comeau et al., 2016; Cordell
etal., 2022; Samrock et al., 2021). Figure 14 B illustrates this approach for the
estimation of the melt fraction applied to the C2.1 body. Noteworthy, as
discussed by Heise et al. (2024), this evaluation critically depends on the
accuracy of the resistivity model. In our case, the sensitivity tests presented in
Section 4.4 (Figure 11) indicate that the acquired data are sensitive to the
depth where the deep magmatic reservoir is expected (conductor C3).

Finally, to reduce the parameter space, we used the fact that two parameters strongly influencing the observed

resistivity, namely the temperature of the magma and its melt content are inter-related. Based on Mount Pelee data

samples, Annen et al. (2008) established an empirical relationship between the temperature of andesitic magma

and melt fraction that can be used to reduce the number of possible solutions (Figures 14c and 14d). This approach

was used here for all features independently.
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Figure 13. Seismicity-resistivity scatter plots calculated using the central cells of the resistivity model. (a, b) Co-eruptive seismicity-resistivity distribution below 4 km b.
s.I. The broken red lines show two breaks of the cumulative energy curve (b) observed at 8%—10% of the total cumulative seismic moment. We take these values as proxy
for the range of the aseismic magma rheology at greater depth. (c—f) Co- and pre-eruptive seismicity-resistivity distributions for the full depth range. Upper panels show

number of seismic events while lower panels show seismic moment calculation.
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Figure 14. (a) Relationship between the conductivity of the melt o at a temperature 7, pressure P, and the water content w
after (Laumonier et al., 2017), applied for C2.1 body. For comparison, horizontal arrow shows the range of the water content
values 4-6 wt% expected from petrological observations (see text). (b) Andesitic magma fraction calculated from this
theoretical melt resistivity and the bulk resistivity determined by 3D inversion. Vertical arrow shows melt fraction interval
compatible with the resistivity model. (c) Relationship between temperature of andesitic magma and melt fraction (Annen
et al., 2008) is used to reduce the parameter space (see text). (d) Resulting space of possible solutions. Vertical arrow shows
interval of melt fraction estimations compatible with resistivity model and petrophysical constraints.

5.4. Shallow Magma Chamber C2.1

As shown in Figure 14, resistivity values of the C2.1 conductor are compatible with the results of the andesitic
magma samples. We therefore attribute the C2.1 conductor, characterized by resistivity values of 1-5 Qm and
described in Section 4.2, to the shallow magma chamber located beneath the Sabancaya volcano.

This body is located beneath the Sabancaya volcano at depths of ~3—-8 km below the surface, with only few
seismic events detected inside it (Figures 6 and 9). The range of melt fractions corresponding to the minimum and
maximum estimates of the C2.1 body bulk resistivity is shown in Figure 14d and lies in the range between 0.3 and
0.7. Melt resistivity is calculated after Laumonier et al. (2017), melt fraction is calculated using the modified
Archie's law (Equation 6), with connectivity exponent chosen as m = 1 (well-connected conductive phase).
Because of the ongoing eruptive process of the Sabancaya volcano, and taken into account the absence of
seismicity in the C2.1 body, we expect the average melt fraction to be above the eruptible threshold. The rela-
tionship between the temperature of magma and its melt content (Annen et al., 2008) was considered to eliminate
thermodynamically impossible combinations of these interconnected parameters in the figure.

In this case the resistivity values do not provide any additional constraints but show good agreement between the
resistivity model and petrological results.
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Py =0.3-0.5 £m, 280-450 MPa, 900-990°C 5.5. Deep Magma Reservoir C3

1 - 990 °C Figure 15 illustrates similar reasoning for the deep magma reservoir C3,
assuming andesitic magma composition. The deep magma reservoir C3 (0.3—
08 t 1 0.5 Qm) is located beneath the Hualca-Hualca volcano at ~ 11 — 18 km
900 °C below the surface. The geothermometers estimate the temperature corre-
06 | | sponding to this reservoir between 900 and 1000°C (Gerbe & Thouret, 2004).

Melt fraction
o
N

o
o

aseismic domain

Considering the relationship between the temperature of magma and its
melt content (Annen et al., 2008), we end up with melt fractions well
above eruptible (and aseismic) threshold. We can therefore rule out the
bulk resistivity values for which number of seismic events is considerable,
1 that is, <0.6 Qm (Figure 13b). Assuming an andesitic magma composi-
tion, the lower bound of water content in magma is thus x6.5 wt% for
100% of melt and ~9 wt% for melt fraction 0.5 (minimum melt fraction).

! ! !

Figure 15. Similar reasoning as in previous Figure applied to estimate the

7 8 9 10 Noteworthy, if we consider more primitive, for example, basaltic, magma

H, O(wt%) at depth, we would be able to explain the observed resistivities with a
2

lesser magma fraction as basaltic magma has lower resistivity. However,
experimental petrology has not evidenced basaltic magma at Sabancaya

possible range of melt fractions for the resistivity of the deep magma C3 volcano.

(under assumption of andesitic melt composition). The possible range of
melt fractions is situated in the brittle domain below the eruptible critical
value (horizontal line).

Interpretation of the C3 body as deep magma reservoir agrees well with
geodetic and seismic studies. Geodetic studies by Boixart et al. (2020) and
MacQueen et al. (2020), performed modeling of the source responsible for the
surface deformation area, and determined its location at a depth between 12 and 15 km beneath the Hualca-Hualca
volcano. This location corresponds well to the location of the C3 body.

Machacca et al. (2023) documented the occurrence of repetitive earthquakes at distances of 10-20 km northeast of
Sabancaya. The authors suggest that these earthquakes are caused by pore pressure wave propagation in the
hydrothermal system, which would lead to the reactivation of distant faults. Our results open the possibility that an
accumulation of magma in the deep reservoir C3 was the source of pressure that generated seismicity along distant
faults in this region as shown in Figures 9b and 10.

5.6. Magmatic Fluids C2.2 and C2.3

The C2.2 conductor is located under the Huambo-Cabanaconde fault system, 16 km northwest of the Sabancaya
volcano. Its origin could be associated with earlier intrusions of remnant ultra-saline magmatic fluids, emplaced
during the volcanic unrest stage of Sabancaya (from February—July 2013). They in turn would have generated
surface deformation (July 2013) and fault activation, causing seismic swarms in July 2013 (Jay et al., 2015;
Machacca et al., 2023; Tavera et al., 2013).

The C2.2 body has the bulk resistivity value of 0.1 Qm. Figure S3 in Supporting Information S1 shows examples
of bulk resistivity computations considering three fluid conductivities (10, 30 and 100 S/m) as function of fluid
pore fraction (porosity) according to the modified Archie's law Section 5.3. The minimal fluid conductivity that
can explain observed bulk resistivity at less than 100% of porosity/melt fraction is &30 S/m (Figure S4 in
Supporting Information S1). Referring to Jenkins et al. (2023), their Figure 5, where melt conductivities are
presented for andesitic, rhyolitic, and basaltic magmas, we conclude that such a high fluid conductivity is not
compatible with a magma reservoir. Therefore, we interpret the C.2. body as a deep reservoir rich in ultra-saline
brines (Jenkins et al., 2023), which may foster ore-forming conditions.

Concerning C2.3 body, its resistivity is similar to that of C2.2, and therefore it could be interpreted similarly.
However, the MT site coverage is limited here and there is no evidence of the recent hydrothermal activity or
seismicity. It is therefore difficult to conclude if this body represents an active or an extinct hydrothermal system.

5.7. Shallow Hydrothermal System C1

The shallow conductor C1 (1-10 Qm) is probably associated with the hydrothermal system of the Ampato-
Sabancaya volcanic complex. It follows the topography under the three volcanoes (Ampato, Sabancaya, and
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Figure 16. General model proposed for the Sabancaya volcano to explain the resistive structures found by the magnetotelluric
method (condor not to scale). The dashed line represents the ductile-brittle transition zone (BDT). The dashed red line
represents the path where magmatic fluids would ascend from the deep magmatic reservoir into the magma chamber. Black
inverted triangles indicate magnetotelluric sounding site stations, while magenta symbols represent geothermal
manifestations. The yellow square marks the maximum inflation point between 2013 and 2019. The black and gray points
represent pre- and co-eruptive seismicity, respectively. The vertical black arrow represents fluid movement caused by the
pressure gradients originating from magma accumulation (White & McCausland, 2016).

Hualca-Hualca). Preliminary studies using Self-Potential data provide evidence of the existence of an active
shallow hydrothermal system below the Ampato and Sabancaya volcanoes (Alvarez, 2017; Puma et al., 2018),
which is also confirmed by our current magnetotelluric study. Furthermore, the analysis of the Pinchollo and
Puye-Puye thermal springs, rich in sulfates, suggest the hydrothermal system extending to the Hualca-Hualca
volcano (Tyc et al., 2022). According to our model, the shallow conductor (C1) would be fed by magmatic
fluids (magmatic gases, water, steam, among others) coming from intermediate magmatic zones (C2.1).
Machacca et al. (2023) suggest that the progressive heating of the hydrothermal system (C1) by the magmatic
gases would cause an increase in pore pressure, which in turn would trigger near-surface earthquakes (1.8-3.5 km
deep) during the co-eruptive stage. These events are grouped to the northeast of the Hualca-Hualca volcano
(Figures 6 and 9). The origin of the two seismic clusters located on the Sepina fault seems to involve a tectonic
component (see Figure 10).
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5.8. Conceptual Model

The resistivity profile in the SW-NE direction (Figure 10) and the model proposed (Figure 16) show a potential
path that deep magmatic fluids could be taking during their ascent toward shallower areas, reinforcing the view of
the studies of Boixart et al. (2020) and MacQueen et al. (2020). Likely, the molten material from the deep
magmatic chamber (C3) would supply magmatic fluids to intermediate zones (C2.1, C2.2, and C2.3). Beneath the
Sabancaya and Hualca-Hualca volcanoes, magmatic fluids ascending to the surface would generate intense
localized seismic activity between ~5 and 10 km depth; subsequently, they would be temporarily stored in the
shallow magmatic chamber (C2.1) before being expelled to the surface through the Sabancaya volcano conduit
during volcanic explosions.

6. Conclusions

Plumbing system beneath the Ampato—Sabancaya Volcanic Complex and Hualca-Hualca Volcano has been
studied by combining broad band magnetotelluric (MT) imaging with complementary information such as:
petrological results, characterization of fault system, various hydrothermal manifestations on the surface,
deformation, and seismicity distribution.

The 3D model of electrical resistivity shows strong resistivity contrasts above sea level and generally low re-
sistivity at depth. Co-eruptive seismicity at depths typical for magma feeding systems (<4 km b.s.1.) occurs in an
environment characterized by exceptionally low resistivity: 15% of seismic events correspond to the model cells
with resistivity lower than 1 Qm, and 95% of seismic energy is released in the volume characterized by re-
sistivity <10 Qm.

The model identifies conductive zones referred to (C1, C2.1-C2.3, and C3) as well as two resistive zones (R1
and R2).

The deep magma reservoir is imaged as an electrical conductor C3 with resistivity <0.5 Qm, at a depth of 11—
18 km depth below the Hualca-Hualca volcano, in good agreement with the deformation model of MacQueen
et al. (2020). Assuming andesitic magma, melt fractions well above 50% and water content <6.5 wt% are required
to explain the observed resistivity. In view of the considerable depth of this reservoir, the hypothesis of more
primitive magma composition also seems likely, despite observations of basaltic magma at the surface were not
found.

Our model images a lateral pathway from the deep magma reservoir to the C2.1 body located directly below the
Sabancaya volcano. The pathway gets around an ancient intrusion (imaged as a resistive body R1), which likely is
an obstacle for vertical ascent of magma. We interpret the aseismic C2.1 body with resistivity 2—4 Qm located at
depth of 3-8 km below the Sabancaya volcano, as a shallow magma chamber. Its resistivity and depth, analyzed
with petrological constraints, suggest andesitic magma composition with 4-6 wt% of water, and magma fraction
of 40%—70%. Magma, injected from the deep reservoir C3, may accumulate temporarily in this body, to be later
expelled to the surface through the Sabancaya volcanic conduit by explosions.

One more conductive feature, the C2.2 body, is located in the Huambo-Cabanaconde fault system at depths 2—
10 km about 20 km northwest from the Sabancaya volcano. Its resistivity is too low to be explained by the
presence of magma. More likely, this body is saturated with ultra-saline brines exsolved from the deep magma
reservoir C3 located below it. The latest unrest of Sabancaya in 2013 started with seismicity on the Huambo-
Cabanaconde fault system, with hypocenters located clustered between the deep magma reservoir C3 and the
C2.2 body. In our interpretation, these seismic events, triggered by fresh magma injection, created a new pathway
for exsolved fluids, which replenished the C2.2 body. Moreover, pressurization that resulted from degassing of
magma, may have caused the weakening and activation of faults in its general surroundings, within the resistive
zones (R1 and R2), triggering intense seismic activity, mostly located to the northwest, north, and northeast at 6—
12 km depth below sea level (see also the discussion in MacQueen et al., 2020).

At shallow depth, conductor C1 (1-10 Qm) is associated with the active hydrothermal system shared by the
Sabancaya-Ampato volcanoes and extends horizontally to the Hualca-Hualca at a depth of ~1-2 km beneath the
surface. This interpretation is supported by hydrothermal manifestations: Pinchollo and Puye-Puye thermal
springs, geysers, and shallow earthquakes (hypocenter depths range from 4.2 to 2.5 km a.s.l.) located northeast
and north of Sabancaya volcano, were likely triggered by pressurization due to magmatic degassing and heating.
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