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ARTICLE INFO ABSTRACT

Keywords: Knowledge of the architecture of active magmatic systems is important for both volcanic hazard assessment and
Magnetotellurics evaluating potential geothermal energy production and metals recovery from magmatic fluids. Increasingly,
Volcano magmatic systems are imaged using the magnetotelluric method to detect electrically conductive partial melt
Magmatism : . f : . . . .

Pornhyr and/or saline magmatic fluid reservoirs. We review recent magnetotelluric studies at eight Andean volcanoes,
Geol:thZnal revealing electrical conductivity anomalies with variable magnitudes and locations. Six of the studied volcanoes

exhibit three main electrical conductivity anomalies, located at shallow (<3 km), intermediate (=5 km), and
deep (>10 km) depths. The shallow anomalies are often thin and laterally extensive, consistent with clay cap
alteration layers, while the deep anomalies are generally interpreted as partial melt reservoirs. The intermediate
depth anomalies, although also often attributed to partial melt, have less clear origins. By analysing laboratory-
derived electrical conductivity relationships, we show that the intermediate depth anomalies are generally most
consistent with saline magmatic fluids stored in porous rock. However, other geophysical and petrological data
suggest that localised partial melt also exists at intermediate depths. Therefore, the intermediate depth anomalies
likely represent mixed melt and saline magmatic fluid systems, such as those responsible for forming magmatic-
hydrothermal alteration zones and copper porphyry deposits. At individual volcanoes, refining the generalised
three layer model proposed here by using additional geophysical or petrological data is key to constraining the
resources and/or hazard potential of the magmatic system.

1. Introduction

In recent decades, perspectives on magma storage in Earth's crust
have shifted away from shallow melt-dominated magma chambers to-
wards the concept of low melt fraction systems that extend through the
thickness of the crust (Cashman et al., 2017). Within this new frame-
work, shallow melt-dominated reservoirs are believed to be transient
features, with melt instead being heterogeneously distributed
throughout a transcrustal magmatic system (Sparks and Cashman, 2017;
Sparks et al., 2019; Edmonds et al., 2019). At active volcanoes, knowl-
edge of the architecture of the magmatic system can therefore provide
important context for volcano monitoring, with implications for antici-
pating eruption risk and associated volcanic hazards (Becerril et al.,
2013; Chaussard and Amelung, 2014; Edmonds and Woods, 2018).
Locating melt and exsolved saline magmatic fluid reservoirs is also of
emerging industry interest, due to their potential as sources of high-
enthalpy geothermal energy and a diverse portfolio of metals such as
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copper, gold, zinc, and rare earths (Reinsch et al., 2017; Watanabe et al.,
2017; Blundy et al., 2021).

Direct identification of sub-surface melt or magmatic fluid is only
possible by drilling into magmatic systems. Although geothermal energy
projects exist near many volcanoes, drilling is mainly restricted to
shallow hydrothermal systems driven by convecting meteoric or sea
water, with little to no magmatic fluid input (Elders et al., 2014; Stimac
et al., 2015; Kruszewski and Wittig, 2018). Few boreholes have pene-
trated into deeper melt or saline magmatic fluid reservoirs, which are
typically isolated from overlying hydrothermal systems by a perme-
ability barrier at the brittle-ductile transition, across which heat but
little fluid is transferred (Fournier, 1999; Kasai et al., 1998; Elders et al.,
2014; Blundy et al., 2021). The structure and nature of active magmatic
systems are therefore poorly known, and studies must rely primarily on
indirect methods such as petrological analyses of erupted material
(Kesler et al., 2013; Cooper, 2019) and geophysical methods including
seismic tomography, gravity surveying, and electromagnetic imaging
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(Magee et al., 2018). Understanding and integrating the information
provided by each of these methods is key for furthering our under-
standing of magmatic systems. In particular, determining the identity of
intergranular fluid phases using geophysical methods remains chal-
lenging, as silicate melts and saline fluids exhibit relatively similar
physical properties.

In this study, we explore what the magnetotelluric method can reveal
about melt and saline magmatic fluid reservoirs beneath volcanoes. We
begin by reviewing the findings of recent magnetotelluric surveys at
eight Andean volcanoes and summarising the features of the imaged
electrical conductivity anomalies. To constrain the origins of these
anomalies, we then review laboratory-derived electrical conductivity
relationships for silicate melts and saline fluids, and we investigate the
degree to which magnetotelluric studies can distinguish between partial
melt and saline magmatic fluid reservoirs. To integrate the laboratory-
derived relationships with the anomalies observed at Andean vol-
canoes, we then develop simplified models of magmatic systems and
calculate their electrical conductivity structures as a function of the sub-
surface pressure and temperature conditions. Finally, we propose a
generalised magmatic system model to explain the electrical conduc-
tivity anomalies observed at Andean volcanoes, and we discuss the
implications for hazard assessment and resources potential.

2. Magnetotelluric investigations at volcanoes
2.1. The magnetotelluric method

Natural variations in Earth's magnetic field induce electric currents
within the crust and mantle, with a magnitude that depends on the
electrical resistivity. Magnetotelluric surveying involves measuring the
time variations in the electric and magnetic fields at the Earth's surface,
then using these data to determine the underlying electrical resistivity
structure (Simpson and Bahr, 2005; Chave and Jones, 2012). For mod-
ern magnetotelluric surveys, researchers use computerised inversion to
generate their preferred electrical resistivity model, which minimises
both the misfit to the observed data and the model roughness. Magne-
totelluric studies can investigate depths ranging from hundreds of me-
ters to hundreds of kilometers, due to the wide frequency range over
which the magnetic field varies; high frequency variations generated by
lightening strikes sample the shallow structure, whereas low frequency
variations caused by the interaction of the solar wind with the magne-
tosphere sample the deeper structure.

Magnetotelluric studies are particularly well suited to imaging
magmatic systems because they are sensitive to the low electrical re-
sistivity (i.e. high electrical conductivity) of both silicate melts and sa-
line magmatic fluids relative to crustal rocks (Pommier and Le-Trong,
2011). Furthermore, depending on the spatial connectivity of melt or
magmatic fluid within the host rock, only a small fluid fraction may be
needed to generate a detectable electrical conductivity anomaly (i.e. a
region of low electrical resistivity) (Glover et al., 2000). Magnetotelluric
studies may therefore be able to detect the low melt fractions now
thought to characterise many magmatic systems (Bachmann and Huber,
2016; Cooper, 2017). Consequently, the number of magnetotelluric
studies being conducted at volcanoes has recently been increasing,
making our review timely.

Despite their undoubted potential, magnetotelluric studies also have
some important limitations. Most importantly, the inversion and inter-
pretation of magnetotelluric data are non-unique, so different studies
and methods may produce contrasting results. Common inversion
methods also tend to smooth electrically conductive layers vertically,
resulting in an imaged layer with greater vertical extent and lower
electrical conductivity than the real layer (Cordell et al., 2022). Addi-
tionally, inversions are primarily sensitive to the electrical conductance
of a layer rather than the electrical conductivity of the material in that
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layer, so electrically conductive layers will not be imaged if their elec-
trical conductance is less than that of an overlying layer. Sensitivity
analyses also show that magmatic bodies typically require dimensions of
several kilometers to be detectable, depending on their electrical con-
ductivity (Diaz et al., 2015; Pina-Varas et al., 2018; Cordell et al., 2018).

2.2. Magnetotelluric studies at Andean volcanoes

Magnetotelluric studies at volcanoes are typically conducted with a
focus on either shallow hydrothermal systems from a geothermal energy
perspective, or on the deeper magmatic system from a volcanic hazards
or magmatic processes perspective. We restrict our review to the latter
type, which includes studies using broadband and/or long-period
magnetotelluric stations distributed across a large survey area, pro-
ducing electrical resistivity models to a depth of >10 km. For consis-
tency, we only consider studies that utilise 3D magnetotelluric methods.
The Andean volcanic arc is the site of numerous recent studies meeting
these criteria and thus represents an excellent case study for our review.

Using a literature search, we identify eight suitable magnetotelluric
studies of Andean volcanoes, all of which are located within the Central
and Southern volcanic zones. From north to south, they are: Paniri
(Mancini et al., 2019), Uturuncu (Comeau et al., 2016), Lascar (Diaz
et al., 2012), Lastarria (Diaz et al., 2015), Tinguiruirica (Pearce et al.,
2020), Laguna del Maule (Cordell et al., 2018), Villarrica (Pavez et al.,
2020), and Osorno (Diaz et al., 2020). All of these studies display good
spatial coverage of the volcano, except for Villarrica where only the
northern flank was instrumented. The Paniri study area also covers the
San Pedro-San Pablo and Cerro del Léon volcanoes, while the Tinguir-
uirica study area includes the Planchén-Peteroa volcano. For studies
covering multiple volcanoes, we select the volcano nearest to the imaged
electrical conductivity anomalies as the representative volcano,
although the anomalies themselves may be related to multiple over-
lapping volcanic systems.

Figure 1 shows a simplified summary of the electrical resistivity
structures beneath the eight studied volcanoes, summarising the depths
(below surface), magnitudes, and approximate spatial relations of the
main imaged electrical conductivity anomalies, as well as any in-
terpretations proposed in the original studies. Where possible, the
electrical conductivity and depth values are taken directly from the
original publication text. Otherwise, these values are estimated from the
available figures (see Supplementary Material for a compilation of the
original published images showing the electrical resistivity structure at
each volcano). For each anomaly, we show only the maximum electrical
conductivity, although in reality each anomaly is characterised by a
range of electrical conductivities. Fig. 1 highlights the wide range of
magnitudes, depths, and locations of the imaged electrical conductivity
anomalies. However, it is also important to recognise the varied mor-
phologies, erupted products, and levels of recent activity at the studied
volcanoes, which could explain some of this variation. Differences be-
tween the resistivity models could also arise from the variable magne-
totelluric datasets and inversion methods used at each volcano. For this
reason, we consider only the main anomalies whose presence is
confirmed by sensitivity testing in the original publications, as they are
likely independent of the exact datasets and approaches used during
inversion.

A prevalent feature in the magnetotelluric studies at Andean vol-
canoes is a relatively thin but often laterally extensive electrical con-
ductivity anomaly located at shallow depths (<3 km), which is present
beneath all of the volcanoes except Tinguiruirica and Villarrica. These
shallow anomalies generally have electrical conductivities of 0.1 to 1 S
m ™, although Uturuncu has a stronger shallow anomaly (1 to 10 Sm™})
and Osorno displays a weaker shallow anomaly (0.01 S m™1). Due to
their large lateral but limited vertical extent, the original studies
generally attribute these shallow anomalies to clay minerals produced
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Fig. 1. Simplified representation of the electrical resistivity structures at the eight

studied Andean volcanoes (see Supplementary Material for original published

images). Depths are all kilometers below surface level. The anomalies are shaded according to their maximum electrical conductivity, with their approximate spatial

relationships also illustrated (the tick marks show the edifice locations relative to the

anomalies). The symbols show the interpretation for each anomaly given in the

original publication. For studies covering multiple volcanoes, the characteristics of the other volcanoes are given in parentheses in the table.

by hydrothermal alteration, as electrically conductive smectite minerals
break down at temperatures above around 200 °C (Beaufort et al., 2015;
Stimac et al., 2015). However, hydrothermal fluids are also proposed to
contribute to most of the shallow anomalies, perhaps reflecting the
prevalence of hot springs and fumaroles. At Lascar, the shallow anomaly
is interpreted exclusively as hydrothermal fluids. Tinguiruirica does not
display a typical shallow anomaly, although a hydrothermal system is
instead interpreted from an anomaly located between 2 and 12 km
depth, attributed to either fluids or clay minerals depending on whether
the hydrothermal system is active or extinct.

At depths greater than a few kilometers, the electrical resistivity
structures beneath Andean volcanoes are highly variable, although
many deeper anomalies also have maximum electrical conductivities of
0.1 to 1 S m L. Interestingly, the strongest anomalies (>1 S m™!) are
located beneath Uturuncu and Laguna del Maule, which are among the
least historically active and most silicic of the studied volcanoes. Weaker
anomalies (<0.1 S m™!) are located beneath Villarrica and Osorno,

which display more mafic compositions.

All of the studied volcanoes except Villarrica display two electrical
conductivity anomalies at depths greater than a few kilometers below
the surface (Fig. 1). The first of these anomalies is located at interme-
diate depths (~5 km) but can extend upwards to the surface (e.g. Lascar)
and downwards to depths >10 km (e.g. Tinguiruirica). The second of
these anomalies is located deeper (>10 km), with its top generally at
around 5-8 km depth. At Lascar and Uturuncu, the second anomaly is
much deeper, beginning at 10 and 16 km depth respectively. The base of
the deep anomaly is rarely imaged, only being resolved at Paniri and
Osorno. At Villarrica, the absence of a deep anomaly could reflect the
poor station coverage around the volcano, the shallow resolution limit of
the survey, or the tendency of shallow electrically conductive structures
to obscure deeper structures.

The geometry of the intermediate depth (=5 km) anomalies varies
from spherical or sill-like at Paniri, Lascar, Villarrica, and Osorno,
through dipping structures at Lastarria, Laguna del Maule, and Tin-
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guiruirica, to vertical at Uturuncu. By contrast, the deep (>10 km)
anomalies are more voluminous, with both the lateral and vertical di-
mensions reaching 10s of km at Lascar and Uturuncu. Both the inter-
mediate depth and deep anomalies are often laterally offset from the
volcanic edifice; only Uturuncu and Osorno have intermediate depth
anomalies directly beneath the volcano, while Lascar and Tinguiruirica
have intermediate depth anomalies that extend >10 km from the edifice.
Determining whether the intermediate depth and deep anomalies are
connected is complicated due to the smoothing during inversion.
However, a connection is imaged at Laguna del Maule, Tinguiruirica,
and Osorno, while at Uturuncu the two anomalies are partly joined
through a region of slightly lower electrical conductivity.

All of the original studies attribute the intermediate depth anomalies
to the presence of partial melt, except for the intermediate depth
anomaly at Tinguiruirica which is interpreted as a hydrothermal system.
However, the studies at Paniri, Uturuncu and Laguna del Maule note
that the intermediate depth anomalies have electrical conductivities that
are difficult to explain with partial melt alone. Therefore, the additional
presence of exsolved saline magmatic fluids, which are more electrically
conductive than partial melt, is also suggested at intermediate depths at
these volcanoes. The intermediate depth anomalies at Lascar and Las-
tarria are also interpreted as being caused by melt and/or magmatic
fluids. By contrast, the original studies generally interpret the deep
anomalies exclusively as partial melt, although the presence of addi-
tional fluids is suggested at Paniri.

2.3. Complementary petrological and geophysical data

To constrain the interpretation of magnetotelluric studies at Andean
volcanoes, such as whether the intermediate depth (=5 km) electrical
conductivity anomalies represent partial melt or saline magmatic fluids,
complementary data are required. For example, crystallisation depths
calculated using geobarometry on volcanic products can be compared
with the depths of the electrical conductivity anomalies. In the Andean
magnetotelluric studies, concordant geobarometry depths are cited as
evidence for partial melt generating the intermediate depth anomalies at
Paniri (Cerro del Le6n), Uturuncu, Laguna del Maule, and Villarrica (De
Silva et al., 1994; Muir et al., 2014; Klug et al., 2020; Morgado et al.,
2015), and the deep anomalies at Paniri, Uturuncu, and Laguna del
Maule (Godoy et al., 2018; Sparks et al., 2008; Klug et al., 2020).
However, geobarometry does not constrain the lateral dimensions of
melt reservoirs and also pertains to the magmatic system at the time of
crystallisation of the sample, which may not correspond with the
present-day magmatic system.

By contrast, complementary geophysical methods provide present-
day sub-surface images but suffer from the same ambiguity as magne-
totelluric studies. For example, the deep electrical conductivity anom-
alies beneath Uturuncu and Lascar coincide with a large region of
reduced seismic shear wave velocities (—AV; > 30%) interpreted as the
partially molten Altiplano-Puna magma body (Chmielowski et al., 1999;
Zandt et al., 2003; Ward et al., 2014). Similarly, slow compressional
wave velocities (—AV, ~ 9%) beneath Villarrica overlap with the in-
termediate depth electrical conductivity anomaly and are also inferred
to be of magmatic origin (Mora-Stock, 2015). By contrast, slow wave
velocities that coincide with the intermediate depth electrical conduc-
tivity anomalies at Uturuncu (—AV; ~ 10%) and Tinguiruirica (—AV, >
6%) are attributed to hydrothermal systems instead (Jay et al., 2012;
Pavez et al., 2016). At Lastarria, slow shear wave velocities (—AV; =
23-63%) match remarkably well with all three electrical conductivity
anomalies, and are interpreted as a shallow hydrothermal system
overlying two deeper melt reservoirs (Spica et al., 2015).

Combining multiple geophysical datasets can help reduce un-
certainties when interpreting active magmatic systems. For example,
compelling evidence for a shallow (4 km) melt reservoir at Laguna del
Maule is provided by overlapping slow shear and compressional wave
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velocities from seismic tomography (—AV, = 12-28%, —AV, = 9%),
low densities from gravity surveys (—Ap = 600 kg m~>), and a sill-like
inflation source detected using InSAR (>25 cm / year uplift) (Bai
et al., 2020; Wespestad et al., 2019; Miller et al., 2017; Feigl et al.,
2014). However, no robust electrical conductivity anomaly is associated
with this inferred melt reservoir (Cordell et al., 2018, 2020). Instead, a
strong electrical conductivity anomaly (>1 S m™1) is located 5 km to the
north, rooted at greater depths but converging upwards towards the
inferred melt reservoir. The high electrical conductivity of this anomaly,
combined with the lack of associated gravity and seismic velocity
anomalies, is consistent with saline magmatic fluids (Wespestad et al.,
2019). In contrast, the inferred melt reservoir could go undetected by
magnetotelluric studies if it has low temperature or water content
(factors that reduce the electrical conductivity of silicate melts), espe-
cially as it is located beneath a highly electrically conductive clay cap
(Cordell et al., 2020).

3. Origins of electrical conductivity anomalies
3.1. Effective electrical conductivity

Electrical conductivity anomalies beneath volcanoes are generally
attributed to silicate melts, saline magmatic fluids, or electrically
conductive minerals such as sulphides or some clays. In magmatic en-
vironments, clay and sulphide minerals form by alteration or precipi-
tation from magmatic-hydrothermal fluids (Sillitoe, 2010), which in
turn are derived from volatiles exsolved from silicate melts (Audétat and
Edmonds, 2020; Tattitch et al., 2021). Because of this genetic link, the
phases responsible for generating electrical conductivity anomalies
beneath volcanoes may be somewhat spatially coincident, although a
general transition from deeper melt reservoirs, through overlying
exsolved saline magmatic fluids, to shallower mineralisation and alter-
ation may be expected. With magnetotelluric data alone, it is generally
impossible to uniquely determine the cause of an electrical conductivity
anomaly. However, the origins of electrical conductivity anomalies can
be better constrained by using knowledge of the electrical conductivities
displayed by common electrically conductive phases.

The electrical conductivity of common electrically conductive phases
can be measured in the laboratory as a function of temperature, pres-
sure, and composition (Lastovickova, 1991; Ni et al., 2014). However,
electrically conductive phases generally constitute only a proportion of a
given rock mass, so the relevant parameter for magnetotelluric data
interpretation is the effective electrical conductivity of the rock mass as
a whole. The effective electrical conductivity depends on both the pro-
portion and spatial connectivity of the electrically conductive phase(s)
within the host rock. Different levels of spatial connectivity are repre-
sented by different geometrical mixing models or can be characterised
by empirical relationships (Table 1) (Glover et al., 2000). Depending on
which mixing model is used, the calculated effective electrical conduc-
tivity can vary greatly. For simplicity, and due to the lack of laboratory
data for multiphase mixing, we only consider two-phase systems here (i.
e. host rock + one conductive phase).

To constrain the origins of the intermediate depth (~5 km) and deep
(>10 km) electrical conductivity anomalies at Andean volcanoes, we
review the laboratory-determined electrical conductivities of saline
fluids and silicate melts and discuss the appropriate mixing models.
Although drilling results show that smectite-rich layers within argillic
alteration zones generate the laterally extensive shallow electrical con-
ductivity anomalies beneath volcanoes (Ryan et al., 2013; Bertrand
et al., 2012; Lee et al., 2020), smectite is only stable at temperatures
<180-240 °C (Stimac et al., 2015), so it is unlikely to contribute to the
intermediate depth and deep anomalies. In theory, sulphide minerals
could contribute to these anomalies; however, the available data sug-
gests that sulphides do not exhibit sufficiently high spatial connectivity
to generate the observed electrical conductivity anomalies (Supple-
mentary Material). A high content of sulphide minerals would also



A.P. Jenkins et al.

Mixing models for effective electrical conductivity (o) in two-phase media, in order of decreasing spatial connectivity and effective electrical conductivity (electrical conductivity is the inverse of electrical resistivity).

Table 1
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Fig. 2. Phase changes for ascending supercritical saline magmatic fluids with a
bulk salinity of 10 wt% NacCl (blue), assuming a constant fluid temperature of
500 °C. When pressure decreases to 57 MPa, the supercritical fluid separates
into coexisting vapour (purple) and hypersaline brine (green) phases, with sa-
linities of 10 and 18 wt% NaCl respectively. Continued pressure decrease drives
the vapour phase to progressively lower salinity and the brine phase to pro-
gressively higher salinity. At 32 MPa, a further phase transition occurs due to
halite precipitation. Phase boundaries from Driesner and Heinrich (2007). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

produce an elevated density that would likely be detectable by gravity
surveys. Graphite may also confer high electrical conductivity to rocks,
especially when distributed as thin films (Glover, 1996). However, this
situation is most relevant to metamorphic rocks; crustal igneous rocks
are rarely sufficiently reduced for graphite to be stable.

3.2. Saline magmatic fluids

Saline magmatic fluids conduct electricity through the movement of
dissolved ions, so ionic strength (or salinity) is the strongest control on
their electrical conductivity. Fluids exsolved directly from melt reser-
voirs are typically in a supercritical state with salinities in the range of
5-15 wt% NaCl,, (Heinrich, 2005; Audétat and Edmonds, 2020; Tattitch
et al., 2021). However, as these fluids ascend to shallower depths,
pressure decrease can trigger phase separation into coexisting hyper-
saline brine (220 wt% NaCl,,) and low salinity vapour phases (Fig. 2)
(Driesner and Heinrich, 2007). The pressure (depth) at which phase
separation occurs depends on temperature. The dense brine, which is
more likely to be retained in pore space within the host rock, can be
many times more saline than the initial magmatic fluid. Further pressure
decrease can lead to the formation of coexisting vapour and halite
phases.

Taking the NaCl content of a solution as a proxy for total salinity, the
electrical conductivity of saline magmatic fluids under crustal pressure
and temperature conditions can be calculated using the empirical rela-
tionship of Watanabe et al. (2021) (Table 2). Although no electrical
conductivity measurements have been conducted on hypersaline brines,
the relationship of Watanabe et al. (2021) can be extrapolated to esti-
mate their electrical conductivity. By contrast, the relationship of

Table 2
NaCl solution empirical electrical conductivity relationships under crustal
conditions.

Model Fluid  Salinity (wt Temperature Pressure
%) (O] (GPa)
Sinmyo and Keppler NaCl 0.058-5.63 100-600 0.0001-1
(2017)
Watanabe et al. NaCl 0.06-24.6 20-525 0.0025-0.2
(2021)
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Fig. 3. Electrical conductivity of NaCl solution as a function of temperature,
calculated using the relationship of Watanabe et al. (2021). Colour indicates
salinity, while the numbers and line styles show pressure in MPa. The plots are
calculated only where a liquid or supercritical fluid phase exists with the
specified salinity. The electrical conductivity of 5 wt% NaCl solution calculated
using Sinmyo and Keppler (2017) is also shown in grey.

Sinmyo and Keppler (2017) does not produce reasonable electrical
conductivities if phase separation occurs, and Watanabe et al. (2021)
state that extrapolation of the Sinmyo and Keppler (2017) model to
salinities >5 wt% NaCl causes an underestimation of the electrical
conductivity.

Figure 3 shows how the electrical conductivity of NaCl solution in-
creases with increasing salinity, due to higher concentrations of charge-
carrying ions. Typical supercritical fluids (5-15 wt% NaCl,,) exsolved
from magmas have electrical conductivities on the order of 10* S m™!,
whereas hypersaline brines (220 wt% NaCle,) formed by phase sepa-
ration of this fluid are predicted to have electrical conductivities on the
order of 10?2 $ m~!. Temperature and pressure have complex effects on
the electrical conductivity of NaCl solution. For any given salinity, the
electrical conductivity reaches a maximum at around 250-300 °C, in-
dependent of pressure, due to an increase in charge-carrier mobility with
temperature (Quist and Marshall, 1968; Sinmyo and Keppler, 2017;
Watanabe et al., 2021). Above approximately 300 °C, pressure also
becomes an important control. At lower pressures, the electrical con-
ductivity decreases with increasing temperature, due to a combination
of fluid expansion decreasing the number of ions per unit volume and a
decrease in the dielectric constant of water (Watanabe et al., 2021). At
higher pressures, the peak electrical conductivity is maintained towards
higher temperatures, as the increased pressure reduces fluid expansion
while also increasing the dielectric constant of water (Sinmyo and
Keppler, 2017; Watanabe et al., 2021).

The spatial connectivity of saline pore fluids likely varies with host
rock lithology. However, studies on the electrical conductivity of fluid-
bearing rocks focus on hydrocarbon reservoir rocks. Fig. 4a shows the
electrical conductivity of clean sandstones saturated with 4 wt% NaCl
solution, measured in the laboratory at ambient conditions (Gomez
et al., 2010). Mixing models (Table 1) using the measured electrical
conductivity of the saturating fluid (5.9 S m™!) show that the fluid
spatial connectivity is relatively high and increases with fluid fraction; at
porosities below around 0.15, the electrical conductivity is around one
tenth of the value given by the HS upper bound mixing model, whereas
the tubes mixing model is appropriate at porosities above 0.15.

Similarly, Fig. 4b shows the electrical conductivity of sandstones
with a variable clay content (0-28%) saturated with 3.5 wt% NaCl so-
lution at 26 MPa and ambient temperature (Han et al., 2015). Despite
the increased clay content and confining pressure, mixing models using
the measured electrical conductivity of the saturating fluid (4.7 S mbH
show similar spatial connectivity to that of clean sandstones (Fig. 4a),
suggesting that saline fluid connectivity is relatively high under a vari-
ety of conditions. However, the data in Fig. 4 only consider clastic
sedimentary rocks, and fluid connectivity in magmatic systems could
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Fig. 4. Electrical conductivity of sandstones saturated with NacCl solution as a
function of porosity. a) Clean sandstones saturated with 4 wt% NaCl solution at
ambient conditions, with fully-saturated electrical conductivity calculated from
partially-saturated electrical conductivity using Archie's equation (Gomez et al.,
2010). b) Sandstones with variable clay content (0-28%) fully-saturated with
3.5 wt% NaCl solution at 26 MPa and ambient temperature (Han et al., 2015).
The shown mixing models use the measured electrical conductivity of the
saturating fluid (5.9 S m~! in a; 4.7 S m~! in b) and are insensitive to the
negligible host rock electrical conductivity. HS 0.1 models an electrical con-
ductivity equal to one tenth of the value given by the Hashin-Shtrikman upper
bound mixing model.

differ and requires further study. Conceptually, the typically lower
permeability of igneous rocks may mean that fluid spatial connectivity is
lower. However, high fluid connectivity at low fluid fractions may be
feasible if the fluid is wetting and forms films along grain boundaries.

3.3. Silicate melts

Silicate melts are also ionic electrical conductors, with Na™ the
dominant charge carrier except in some hydrous mafic and intermediate
melts (Gaillard, 2004; Guo et al., 2016, 2017). The electrical conduc-
tivity of silicate melts is complex, being strongly dependent on tem-
perature, composition, and water content, with pressure generally less
important (Zhang et al., 2021). Carbon dioxide content may also effect
melt electrical conductivity, but this is poorly constrained and likely less
important than water content (Ni et al., 2011). Overall, melt electrical
conductivity increases with increasing temperature and water content,
but decreases with increasing pressure (Guo et al., 2017). At mantle
conditions, melt electrical conductivity generally decreases with
increasing silica content (Zhang et al., 2021). However, melt differen-
tiation in the crust leads to silicic melts that are cooler but also more
water-rich than their more mafic parental melts, complicating how silica
content alone correlates with electrical conductivity.

Currently, the only generalised empirical melt electrical conductivity
relationship is the SIGMELTS model of Pommier and Le-Trong (2011),
which calculates melt electrical conductivity as a function of tempera-
ture, pressure, and SiO», Na0, and H2O contents. However, more recent
experiments have shown that SIGMELTS significantly overestimates
electrical conductivity for melts with low water contents and
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Table 3
Empirical silicate melt electrical conductivity relationships.
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Model Composition Si05 (Wt%) NayO (wt%) Temperature (°C) Pressure (GPa) Hy0 (wt%)
Pommier and Le-Trong (2011) General 49.2-55.7 2.0-6.1 400-1300 0-0.4 0-5.6
Ni et al. (2011) Basaltic 50.1 3.7 1200-1650 2.0 0-6.0
Laumonier et al. (2017) Andesitic 60.9 2.1 910-1407 0.5-3.0 0-9.0
Guo et al. (2017) Andesitic 60.8 3.2 890-1300 0.5-1.0 0-5.9
Laumonier et al. (2015) Dacitic 67.9 2.1 400-1350 0.3-3.0 0-11.8
Guo et al. (2016) Rhyolitic 75.7 4.7 595-1392 0.5-1.0 0.1-7.9
SiO, and NayO are wt% anhydrous.
Melt fraction
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Fig. 5. Silicate melt electrical conductivity calculated from the fixed melt
composition relationships as a function of water content at a range of repre-
sentative temperatures and pressure of 0.1 and 2 GPa. Dotted lines represent
where water saturation is exceeded for the 0.1 GPa case. a) Basaltic (Ni et al.,
2011), b) Andesitic (Laumonier et al., 2017), ¢) Rhyolitic (Guo et al., 2016).

significantly underestimates electrical conductivity for melts with high
water contents (Guo et al., 2017; Zhang et al., 2021). Users of SIGMELTS
must also account for a number of discontinuities that arise during
interpolation, which are clearly non-physical. Therefore, we prefer to
use fixed melt composition empirical electrical conductivity relation-
ships, which are available for a range of melt compositions as a function
of temperature, pressure, and water content (Table 3). These relation-
ships are calibrated at high pressures only (>500 MPa), so they must be
extrapolated to shallow crustal pressures. Guo et al. (2016) state that
extrapolation of their relationship for rhyolitic melts to lower pressures

melts (Zhang et al., 2021).

Figure 5 shows melt electrical conductivities calculated using the
fixed composition relationships for basaltic, andesitic, and rhyolitic
melts (Table 3) as a function of water content and at pressures of 2 GPa
(~70 km) and 0.1 GPa (~4 km). We use representative temperatures of
700-900 °C for rhyolitic melts, 900-1100 °C for andesitic melts, and
1100-1300 °C for basaltic melts (Lesher and Spera, 2015). The rela-
tionship of Ni et al. (2011) for basaltic melts does not account for
pressure, so we approximate basaltic melt electrical conductivity below
2 GPa by applying the same relative increase in electrical conductivity as
for andesitic melts between 2 GPa and the specified pressure, using the
relationship of Laumonier et al. (2017) at the specified temperature. The
relationship of Laumonier et al. (2017) is preferred to that of Guo et al.
(2017) for andesitic melts because it is calibrated to a higher water
content (Table 3).

Figure 5 shows that basaltic melts generally display the highest
electrical conductivities due to their higher temperatures. The impor-
tance of melt composition, in particular the sodium content, is shown by
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the lower electrical conductivities of andesitic melts compared with
basaltic and rhyolitic melts, as the relationship of Laumonier et al.
(2017) for andesite is based on a relatively sodium-poor composition
(Table 3). Water content also exerts a very strong control on melt elec-
trical conductivities, which converge at very high water contents. Water
content and temperature have a greater effect on electrical conductivity
for basic melts compared to silicic melts. Conversely, pressure exerts a
stronger control on electrical conductivity for rhyolitic melts compared
to andesitic melts. Overall, most crustal melts likely have electrical
conductivities on the order of 10° S m™! or less, with only very hot or
very water-rich melts having electrical conductivities on the order of 10
Sm L

In melt storage zones, melt spatial connectivity is a function of the
interfacial energies at melt-grain boundaries (Daines and Pec, 2015).
Fig. 6a shows the electrical conductivity of synthetic olivine rocks with
added synthetic basaltic melt at 1475 °C and atmospheric pressure,
measured in the laboratory (ten Grotenhuis et al., 2005). Mixing models
(Table 1) using the measured melt electrical conductivity (7.5 S m’l)
show that melt spatial connectivity is very high and increases with melt
fraction (e.g. Samrock et al., 2021). At low melt fractions (<0.02), the
electrical conductivity is well modelled by the tubes mixing model,
whereas at intermediate melt fractions the films or HS upper bound
models are suitable, and at higher melt fractions (>0.05) the parallel
model is appropriate.

Similarly, Fig. 6b shows the electrical conductivity of San Carlos
olivine with added mid-ocean ridge basaltic melt at 1326 °C and 1.5 GPa
(Yoshino et al., 2010). Despite the vastly increased pressure, mixing
models using the defined melt electrical conductivity (10 S m~!) show
that the melt spatial connectivity is extremely high, with the electrical
conductivity well modelled by the HS upper bound or parallel mixing
models at all melt fractions studied. However, Fig. 6 shows olivine rocks
only; melt connectivity in more silicic rocks may be lower and requires
further investigation, as more melt is needed to form an interconnected
network in silicic rocks than in mafic rocks (Vigneresse et al., 1996;
Rosenberg and Handy, 2005).

4. Interpreting electrical conductivity anomalies
4.1. Silicate melt or saline magmatic fluids?

At depths greater than typical clay caps (>2-3 km), electrical con-
ductivity anomalies of mostly 0.1 to 1 S m™! beneath volcanoes are
usually attributed to the presence of melt and/or fluids (Fig. 1). How-
ever, whether an anomaly is interpreted as silicate melt or as saline
magmatic fluids has important implications. While some studies offer a
preferred interpretation, often no such distinction is made (e.g. Diaz
et al.,, 2012, 2015; Mancini et al., 2019). Although distinguishing be-
tween melt and magmatic fluids from magnetotelluric data alone is
difficult, we have shown that saline magmatic fluids generally have
higher electrical conductivities (10' $ m™! for primary magmatic fluids,
102S m~? for hypersaline brines) than typical crustal melts (1072-10° S
m ™! for most melts, 10* S m ™ for very wet or very hot melts). Therefore,
an important question is whether partial melt reservoirs can generate
sufficiently high electrical conductivities, assuming appropriate mixing
models and physical parameters, to explain the electrical conductivity
anomalies observed beneath volcanoes. If partial melt cannot explain
the observed anomalies, saline magmatic fluids are likely responsible
instead. This is particularly relevant for intermediate depth (=5 km)
electrical conductivity anomalies, which could represent either poten-
tially economically important saline fluids or potentially hazardous melt
reservoirs.

To investigate this, we use the fixed melt composition electrical
conductivity relationships to calculate the theoretical maximum elec-
trical conductivities for anomalies generated by partial melt. The
maximum electrical conductivity of silicate melts increases with depth,
due to increasing water solubility in melts with increasing pressure.
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Fig. 7. a) Water solubility in melts as a function of depth, calculated using
MagmaSat (Ghiorso and Gualda, 2015) and assuming a lithostatic pressure
gradient with a high crustal density of 2700 kg m™>. For water contents
exceeding 1-2%, the highest representative melt temperatures (900 °C rhyo-
litic, 1100 °C andesitic, 1300 °C basaltic) exceed their respective melt liquidus
temperatures; this also occurs for 800 °C rhyolitic melt at water contents >11%.
b) Maximum melt electrical conductivity as a function of depth, calculated
using the fixed composition melt electrical conductivity models (Ni et al., 2011;
Laumonier et al., 2017; Guo et al., 2016) and assuming water-saturated melts
(up to either 15 wt% H,0 or the water content at which the melt liquidus
temperature falls below the melt temperature) under a lithostatic pressure
gradient with a crustal density of 2700 kg m~—>. ¢) Maximum electrical con-
ductivity of partial melt as a function of depth, assuming the films mixing
model with melt fractions of 0.1 and 0.4 and a host rock with negligible elec-
trical conductivity. For clarity, only the highest representative melt tempera-
ture for which the liquidus is not rapidly exceeded is shown for each melt
composition. Note the different electrical conductivity scale from b) to c).

However, water solubility in melts also depends on the melt composition
and temperature, which themselves affect the melt electrical conduc-
tivity. Furthermore, increasing the water content in melts also lowers
the melt liquidus temperature, which under normal geological circum-
stances acts as an upper limit on the melt temperature. To account for
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these interdependencies, we therefore consider a range of melt compo-
sitions and temperatures.

For consistency, we use the major oxide melt compositions from the
electrical conductivity relationships for basaltic, andesitic, and rhyolitic
melts (Ni et al., 2011; Laumonier et al., 2017; Guo et al., 2016) (Table 3)
and the same representative temperatures as in Fig. 5. We first input
these compositions and temperatures to the MagmaSat model (Ghiorso
and Gualda, 2015) within VESIcal (lacovino et al., 2021) to calculate
saturation pressures for water contents up to either 15 wt% or the water
content at which the melt liquidus temperature falls below the melt
temperature (Gualda and Ghiorso, 2015). For each water content, we
use the ‘fixed volatiles’ normalisation, which maintains the specified
water content and scales the major oxide contents so that the system as a
whole (including water) totals 100 wt%. To convert the saturation
pressures to saturation depths, we define a lithostatic pressure gradient
with a high crustal density of 2700 kg m~3, thereby maximising water
solubility as a function of depth (Fig. 7a).

For each melt composition and temperature, we then use the corre-
sponding fixed melt composition electrical conductivity relationship to
calculate the maximum electrical conductivity of the melt as a function
of depth, by assuming water saturation in the melt (Fig. 7b). Electrical
conductivity anomalies generated by 100% melt could match those
shown in Fig. 7b. However, geophysical, geochemical, and geological
observations suggest that crustal melts are generally stored as crystal-
rich mushes (Bachmann and Huber, 2016; Magee et al., 2018). There-
fore, we calculate the maximum electrical conductivities for partial
melts by using the films mixing model, which we consider to give the
highest reasonable melt spatial connectivity. We use a melt fraction of
0.1 to represent a typical mushy system, and a melt fraction of 0.4 to
represent a very melt-rich mush (Fig. 7c) (Sparks et al., 2019).

Figure 7a shows that water solubility in melts decreases with
increasing melt temperature. Despite this, the electrical conductivity of
water-saturated melts generally increases with increasing melt temper-
ature (Fig. 7b). However, for water contents >1-2%, the highest
representative melt temperatures used (900 °C rhyolitic, 1100 °C
andesitic, 1300 °C basaltic) exceed their respective liquidus tempera-
tures and so are geologically unreasonable. Therefore, we report the
maximum electrical conductivity anomalies that can be generated by
melts using representative temperatures of 800 °C for rhyolite, 1000 °C
for andesite, and 1200 °C for basalt.

Figure 7b shows that for depths <15 km, water-saturated basaltic
melts have the highest electrical conductivities due to their higher
temperatures, typically being on the order of 10° S m™! at 1100 °C and
10' S m~! at 1200 °C. By contrast, water-saturated andesitic and rhyo-
litic melts have lower electrical conductivities generally on the order of
1071-10° S m~!. However, with increasing depth, the higher water
solubility in andesitic and rhyolitic melts (Fig. 7a) causes their
maximum electrical conductivities to exceed those of basaltic melts. At
depths >15 km, the electrical conductivities of water-saturated andesitic
and rhyolitic melts are on the order of 10* S m™!, potentially reaching
102 S m™! at even greater depths. Whether deep andesitic and rhyolitic
melts can have electrical conductivities on the order of 102 S m™! in
reality is unclear, as this would require melts with water contents >12
wt%. Although some evidence exists for such superhydrous melts (e.g.
Krawczynski et al., 2012; Goltz et al., 2020; Miintener et al., 2021), their
widespread presence is unconfirmed. Additionally, the calculations for
superhydrous melts exceed the calibrated water contents in both Mag-
maSat and the fixed composition electrical conductivity models.

Using the films mixing model, a mush with a high melt fraction of 0.4
has an electrical conductivity approximately half an order of magnitude
lower (73%) than pure melt. Nonetheless, electrical conductivity
anomalies of 0.1 S m™! at any depth beneath volcanoes can be explained
by basaltic or rhyolitic partial melts, although andesitic partial melt
cannot explain anomalies of 0.1 S m™! at depths <4 km (Fig. 7c). By
contrast, anomalies of 1 S m ™! at depths <8 km can only be explained by
basaltic partial melts. We consider that the electrical conductivity
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Fig. 8. Fluid fractions of representative silicate melts and saline magmatic
fluids required to explain a) the intermediate depth (=5 km), and b) the deep
(>10 km) electrical conductivity anomalies at the studied Andean volcanoes.
For melts, this assumes water saturation at the top of each anomaly and the
films mixing model. For saline fluids, this assumes the peak electrical conduc-
tivity values from Fig. 3 and electrical conductivities equal to one tenth of the
value given by the HS upper bound mixing model for fluid fractions <0.15 and
the tubes mixing model for fluid fractions >0.15. All calculations use a litho-
static pressure gradient with a crustal density of 2700 kg m~2 and a host rock
with negligible electrical conductivity. No deep anomaly is imaged at Villarrica.
See Supplementary Material for more detail.

profiles in Fig. 7c represent the maximum reasonable values attributable
to the presence of partial melt beneath most volcanoes. Only in excep-
tional circumstances, such as for highly sodic melts or melt fractions
above 0.4, are these values likely to be exceeded. In reality, electrical
conductivity anomalies caused by melt may be significantly lower. For
example, a more conservative melt fraction of 0.1, such as that proposed
for the Altiplano-Puna magma body from seismic tomography (Pritch-
ard et al., 2018), reduces the electrical conductivity by over an order of
magnitude (93%) relative to pure melt. A melt fraction of 0.1 cannot
explain electrical conductivity anomalies of 1 S m™! at depths <10 km
for any melt composition (Fig. 7c).

To extend this method to investigate the origins of the intermediate
depth (=5 km) and deep (>10 km) electrical conductivity anomalies
beneath Andean volcanoes, Fig. 8 shows the volume fractions of repre-
sentative melts and saline fluids required to explain the observed
anomalies. For the representative melts, we use rhyolitic melt at 800 °C
and andesitic melt at 1000 °C (Fig. 7), both assumed to be at water-
saturation at the top of each anomaly. We do not consider basaltic
melts, as mafic melt reservoirs are more consistent with deeper lower
crustal (or uppermost mantle) reservoirs at subduction zones (Hildreth
and Moorbath, 1988; Annen et al., 2006). Additionally, although
basaltic melts display the highest theoretical electrical conductivities
(Fig. 7), the two studied basaltic volcanoes (Villarrica and Osorno)
actually exhibit the lowest magnitude electrical conductivity anomalies.
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For saline fluids, we use 5 wt% NaCl solution to represent primary
magmatic fluids and 40 wt% NaCl solution to represent hypersaline
brines. To avoid defining fluid temperatures and pressures, we take the
saline fluid electrical conductivities as the peak values in Fig. 3 (34.7 S
m~! for 5 wt% NaCl, 187.2' S m~! for 40 wt% NaCl). To calculate the
fluid fractions required to generate the observed electrical conductivity
anomalies, we assume that the electrical conductivities follow the films
mixing model for partial melts (Fig. 6), and that the electrical conduc-
tivities are equal to one tenth of the value given by the HS upper bound
mixing model for saline fluid fractions <0.15 and follow the tubes
mixing model for saline fluid fractions >0.15 (Fig. 4).

Figure 8b shows that water-saturated andesitic melt can explain all
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of the deep electrical conductivity anomalies except Lastarria, although
very high melt fractions (>0.5) are required at Uturuncu and Laguna del
Maule. Similarly, water-saturated rhyolitic melt can explain all of the
deep anomalies, although a very high melt fraction (x0.7) is required at
Lastarria (the deep electrical conductivity at Lastarria progressively
strengthens with depth, which our method does not account for).
However, andesitic melt cannot explain the intermediate depth anom-
alies at six of the eight studied Andean volcanoes (Fig. 8a). As andesite is
the typical composition of the studied volcanoes, this casts doubt on the
interpretation of the intermediate depth anomalies as partial melt.
Furthermore, although moderate fractions of water-saturated rhyolitic
melt can explain most of the intermediate depth anomalies, the
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intermediate depth anomalies at Lascar and Laguna del Maule cannot be
explained by rhyolitic melt either. Therefore, saline magmatic fluids are
the more likely explanation for at least some, if not most, of the inter-
mediate depth electrical conductivity anomalies. Despite using a lower
spatial connectivity mixing model, only relatively low saline fluid
fractions (<0.2) are required to explain the intermediate depth anom-
alies. For hypersaline brines, a fluid fraction of <0.05 can explain most
of the intermediate depth anomalies, although higher fluid fractions are
required at Lascar and Laguna del Maule.

4.2. Electrical resistivity structure of magmatic systems

To further link the laboratory-derived electrical conductivity re-
lationships with the results of magnetotelluric studies at volcanoes, we
now present simplified models of magmatic systems and calculate their
electrical resistivity structures. Detailed dynamic models of magmatic-
hydrothermal systems are provided by Scott et al. (2017) and Afana-
syev et al. (2018), but our focus is to investigate the range of electrical
resistivity structures beneath volcanoes and identify the main physical
controls. Similar models to those presented here were recently published
by Watanabe et al. (2022).

In our models (Fig. 9a), we define a partial melt reservoir with 0.15
melt fraction between 8 km depth and the base of the model at 12 km,
consistent with the deep electrical conductivity anomalies at Andean
volcanoes (Fig. 1). This melt reservoir has a water content of 5 wt%, such
that the top of the reservoir is close to water saturation. The melt
composition is not important for our results, but we show both basaltic
and rhyolitic reservoirs for comparison. Overlying (and derived from)
the melt reservoir, magmatic fluids with a bulk salinity of 5-15 wt%
NacCl are are assumed to fill the existing porosity structure, which decays
exponentially with depth. Our results are not sensitive to the exact
porosity structure, but we use similar porosities to Afanasyev et al.
(2018) modified to better match the porosity structures observed in
volcanic-hosted geothermal reservoirs (e.g. Blundy et al., 2021). In the
magmatic fluid column, we apply fluid temperatures from 400 to 600°C
and fluid pressure gradients between hydrostatic and lithostatic (i.e.
densities between 1000 and 2700 kg m~) to investigate variations in
the depths of phase changes and the effects on the electrical resistivity
structure. Where vapour and hypersaline brine phases coexist, we as-
sume that the vapour escapes upwards towards the surface, so the fluid
salinity and electrical conductivity are given by the brine phase alone.
Where vapour and halite phases coexist, the fluid salinity and electrical
conductivity are given by the vapour phase, as halite is not electrically
conductive. Finally, to calculate the model electrical resistivity struc-
ture, we use the films mixing model for the partial melt (Fig. 6) and take
electrical conductivities as equal to one tenth of the value given by the
HS upper bound mixing model for the saline magmatic fluids (Fig. 4).
We do not attempt to model the formation of a smectite clay layer by
hydrothermal reactions at shallow depths.

Figure 9 shows the electrical resistivity profiles generated by our
simplified magmatic system models. The models consist of four domains
with depth, defined by the fluid phase(s) present and their salinity. The
deepest domain is associated with the melt reservoir, with Fig. 9
showing water-saturated basaltic and rhyolitic melts. For these water-
saturated melts, the electrical conductivity of the melt domain spans
the range of 0.1 to 1 S m™* typical for electrical conductivity anomalies
beneath volcanoes. Water under-saturated melts would have lower
electrical conductivities. Although appearing as constant in our models,
in reality the electrical conductivity of the melt domain would likely
decrease towards shallower depths due to water exsolution and
decreasing temperature.

Directly overlying the melt reservoir, the magmatic fluid column is
usually in a supercritical state and therefore has a salinity equal to that
of the initial exsolved magmatic fluid. For particularly hot magmatic
fluids under sufficiently low pressures, the supercritical domain may be
absent (Fig. 9d). The supercritical fluid domain generally has a relatively
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low electrical conductivity on the order of 1072 S m™}, occasionally
reaching 10™1 S m™! for high bulk salinities. Higher magmatic fluid
pressures and salinities increase the electrical conductivity of the su-
percritical domain, whereas higher temperatures decrease the electrical
conductivity.

Above the supercritical domain, lower pressure causes the magmatic
fluid to separate into hypersaline brine and vapour phases. The high
salinity of the brine causes this domain to have an electrical conductivity
of generally 0.1 to 1 S m™}, which is typical for electrical conductivity
anomalies observed beneath volcanoes. The depth of the brine domain is
highly dependent on the pressure and temperature conditions. For
greater magmatic fluid temperatures, the brine domain exists over a
greater depth range; for fluid temperatures of 300 °C, there is no sig-
nificant brine lens. Higher fluid pressures shift the brine domain towards
shallower depths. In our static models, the initial salinity of the exsolved
magmatic fluid has little effect on the brine domain properties.

The electrical conductivity of the magmatic fluid column in the su-
percritical and brine domains increases towards shallower depths, due
to increasing porosity and brine formation. Above the brine domain,
further pressure decrease causes a transition to coexisting vapour and
halite phases. The vapour domain has negligible electrical conductivity,
although clay caps (not modelled here) could generate electrical con-
ductivity anomalies at these depths depending on the temperature and
the availability of clay-forming lithologies.

Although simplified, our models produce electrical resistivity pro-
files that can explain the features revealed by magnetotelluric studies at
Andean volcanoes (Fig. 1). For example, colder magmatic fluid tem-
peratures result in a vertically extensive supercritical fluid domain with
relatively low electrical conductivity, which separates the shallower
electrically conductive brine lens from the deeper electrically conduc-
tive melt reservoir (Fig. 9b). Separated intermediate depth and deep
anomalies are observed at Uturuncu, Lascar, and Lastarria. By contrast,
hotter magmatic fluid temperatures result in a deeper and more verti-
cally extensive brine lens, with less separation between the melt reser-
voir and the brine domain (Fig. 9d). This may give the appearance of a
continuous electrical conductivity anomaly with depth, as seen at
Laguna del Maule and Tinguiruirica. A continuous anomaly with depth
could also occur for colder magmatic fluids with a high bulk salinity
(>10 wt%: Fig. 9a). The melt reservoir depth, fixed in our models at 8
km, is also important in determining whether the intermediate depth
and deep anomalies are connected.

Important differences between our models and those of Watanabe
et al. (2022) arise from how the electrical conductivities are calculated
in the magmatic fluid column. We calculate the electrical conductivities
of saline fluids using a value equal to one tenth of that given by the HS
upper bound mixing model (Fig. 4). This approach suggests that inter-
mediate depth electrical conductivity anomalies on the order of 0.1 to 1
S m~! are best interpreted as hypersaline brine lenses, as lower salinity
primary magmatic fluids generally produce electrical conductivities
<0.1 Sm! (Fig. 9). By contrast, Watanabe et al. (2022) use the HS
upper bound mixing model, which allows them to explain the inter-
mediate depth anomalies using fluids with a salinity as low as 0.5 wt%
NaCl. Additionally, in the brine-vapour coexistence region, Watanabe
et al. (2022) calculate the bulk fluid electrical conductivity of the mixed
hypersaline brine and vapour phases, whereas we assume that the
vapour escapes upwards and we only consider the brine phase (e.g.
Afanasyev et al., 2018). Consequently, our electrical conductivities in
the brine domain are greater than those of Watanabe et al. (2022).

While both our approach and that of Watanabe et al. (2022) may be
valid for different circumstances, we highlight that our approach can
explain the observed electrical resistivity structures beneath Andean
volcanoes. However, we also recognise other alternative explanations.
For example, whether the intermediate depth and deep anomalies are
connected could relate to the current volume of fluid transfer between
the melt reservoir and the overlying brine lens. Alternatively, depending
on their electrical conductivity, some intermediate depth anomalies
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could represent shallow melt reservoirs. In this case, the connection
between the intermediate depth and deep anomalies would relate to
melt transfer between the two reservoirs instead.

5. Discussion
5.1. Interpreting magnetotelluric studies at volcanoes

Magnetotelluric studies reveal a range of electrical resistivity struc-
tures beneath Andean volcanoes (Fig. 1). With the exception of shallow
electrical conductivity anomalies attributable to clay minerals, inter-
pretation of these anomalies generally aims to ascertain the nature of the
causative fluid phase. At the first order, this involves distinguishing
between partial melt or saline magmatic fluids, while more detailed
analyses may explore factors such as fluid temperature, composition,
and fraction. However, we have shown that even the distinction be-
tween partial melt and saline magmatic fluids is difficult using magne-
totelluric data alone. The exception to this at arc volcanoes are relatively
shallow anomalies (<10 km) with high electrical conductivities (>1 S
m 1), which are difficult to explain with partial melt and so most likely
represent saline fluids (Fig. 10). The intermediate depth (=5 km)
anomalies beneath Lascar and Laguna del Maule belong to this category,
while the intermediate depth anomalies beneath several other Andean
volcanoes likely cannot be explained using typical andesitic partial
melts (Fig. 8), as is also noted in the original magnetotelluric studies at
Paniri, Uturuncu, and Laguna del Maule (Mancini et al., 2019; Comeau
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et al., 2016; Pearce et al., 2020). Consequently, we generally favour
saline magmatic fluids as the source of the intermediate depth anoma-
lies. By contrast, the deep (>10 km) electrical conductivity anomalies at
Andean volcanoes are all interpreted as partial melt by the original
magnetotelluric studies (Fig. 1); we agree with this view, as the high
water solubility in melts at greater depths can explain the high electrical
conductivities while also reducing fluid exsolution and the formation of
saline magmatic fluids.

5.2. Integrating complementary data

The interpretation of the intermediate depth electrical conductivity
anomalies as saline magmatic fluids leads to a model of deeper (>10 km)
melt reservoirs, overlain by saline magmatic fluids (=5 km), and capped
by a clay alteration layer (<3 km). In general, this three layer model fits
the studied Andean volcanoes well and be can reproduced using
simplified magmatic system models (Fig. 9). However, previous mag-
netotelluric studies often infer the presence of partial melt in the inter-
mediate depth anomalies (Fig. 1). Given the at best ambiguous evidence
for intermediate depth partial melt from magnetotelluric data alone,
interpretation of partial melt in the intermediate depth anomalies must
rely on further information. For the studied Andean volcanoes, the most
commonly cited evidence for intermediate depth partial melt comes
from geobarometry analyses of erupted products, as cited at Paniri
(Cerro del Le6n) Uturuncu, Laguna del Maule, and Villarrica (De Silva
etal., 1994; Muir et al., 2014; Klug et al., 2020; Morgado et al., 2015). At
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the global scale, both petrologically and geophysically (based mainly on
surface deformation and seismic tomography) inferred melt storage
depths also cluster around intermediate depths between 4 and 6 km
(Rasmussen et al., 2022). Taken together, these observations suggest
that partial melt may also be present in the intermediate depth electrical
conductivity anomalies, although we favour saline magmatic fluids as
the source of the enhanced electrical conductivities.

For the intermediate depth anomalies to represent coexisting melt
and saline fluids, the saline fluids must have high spatial connectivity;
isolated bubbles of exsolved magmatic fluids within a partial melt will
not significantly increase the electrical conductivity. Nonetheless, the
coexistence of partial melt and saline magmatic fluids at intermediate
depths may not be uncommon, especially over the kilometer scale res-
olution of volcano geophysical surveys. In the geological record, mixed
melt and magmatic fluid systems at intermediate depths are preserved as
hydrothermal alteration zones surrounding magmatic intrusions, which
in arc environments may also be associated with economic mineralisa-
tion to form porphyry copper deposits. In these systems, small (<1 km
across) porphyritic dykes derived from a deeper pluton act as sources
and pathways for magmatic fluids that produce characteristic halos of
alteration and potentially also mineralisation surrounding the intrusion
(Sillitoe, 2010). Porphyry emplacement depths, typically in the upper 4
km but up to 9 km depth, match well with the intermediate depth
electrical conductivity anomalies, while the underlying parental plutons
inferred to be located at 5-15 km depth overlap with the deep electrical
conductivity anomalies (Dilles et al., 2000; Cloos, 2001; Singer et al.,
2005).

Although the exact nature of the intermediate depth electrical con-
ductivity anomalies remains ambiguous, there exists one instance of an
intermediate depth anomaly being directly sampled by drilling. At
Kakkonda, Japan, drilling penetrated the fringes of an intermediate
depth anomaly at 3.7 km depth, whereupon hypersaline fluid seeped
into the well and was recovered by reverse circulation. The fluid had a
salinity of 39-55 wt% and temperature of 500 °C, while the host rock
porosity was measured as 0.024 (Kasai et al., 1998; Fujimoto et al.,
2000). Using these values and assuming that the electrical conductivity
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Fig. 11. The generalised model proposed to explain electrical resistivity
structures imaged by magnetotelluric studies at Andean volcanoes. Electrical
conductivity anomalies at deep (>10 km), intermediate (=5 km), and shallow
(<3 km) depths are consistent with a model of deeper melt reservoirs, overlain
by exsolved saline magmatic fluids, and capped by a clay alteration layer.
Typical geothermal exploration targets hydrothermal fluids (low electrical
conductivity meteoric or sea water) circulating beneath the clay cap but above
the brittle-ductile transition (BDT). Interpretation of the deeper structure must
therefore rely on indirect imaging such as magnetotelluric surveys.
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is equal to one tenth of the value given by the HS upper bound mixing
model, as suggested by laboratory data for low porosities (Fig. 4), we
obtain an electrical conductivity of 0.16-0.26 Sm™". This is a reasonable
match to the electrical conductivity of 0.10-0.16 S m ™! in the resistivity
model inverted from magnetotelluric data (Uchida et al., 2000). For the
same fluid, the central part of the intermediate depth anomaly at Kak-
konda with an electrical conductivity of around 1 S m™~! requires a fluid
fraction of 0.15. However, it is also possible that the saline fluid reser-
voir at Kakkonda is actually in a supercritical state, and that the hy-
persaline fluid recovered from the well was formed by phase separation
induced by drilling.

5.3. Implications for magmatic systems

The variations in the electrical resistivity structures imaged at An-
dean volcanoes could reflect differences in the magnetotelluric meth-
odology between studies, the diverse geological characteristics of the
volcanoes, or the dynamic nature of magmatic systems. Overall, the
imaged electrical conductivity anomalies are consistent with a model
consisting of a deep (>10 km) vertically-extensive partially-molten
magmatic reservoir, overlain by intermediate depth (=5 km) exsolved
saline magmatic fluids, and finally a shallow clay cap (<3 km) (Fig. 11).
The exact nature of the intermediate depth anomalies is unclear; saline
magmatic fluids are generally most consistent with the observed elec-
trical conductivities, but localised regions of melt, present at least
transiently, cannot be discounted. Therefore, the intermediate depth
anomalies likely represent mixed melt and magmatic fluid systems, such
as those responsible for forming magmatic-hydrothermal alteration
zones and copper porphyry deposits.

The deep electrical conductivity anomalies, which are interpreted as
melt reservoirs, are generally vertically-extensive (Fig. 1), consistent
with the transcrustal magmatic system model. Furthermore, the inter-
mediate depth and deep anomalies are often connected, providing
further evidence for the transcrustal model. However, smoothing and a
lack of sensitivity at large depths during inversion can blur the image. By
contrast, separated deep and intermediate depth anomalies are consis-
tent with models of a deep melt reservoir periodically supplying melt to
a shallower reservoir (Gudmundsson, 2006). Several of the intermediate
depth anomalies are dipping, perhaps highlighting the importance of
host-rock structures in controlling melt and magmatic fluid pathways.
Both the intermediate depth and deep anomalies are also often laterally
offset from the volcanic edifices, and recent eruptions do not always
occur from the volcano located closest to the imaged reservoirs (e.g.
Planchon-Peteroa erupted in 2019, while Tinguiruirica last erupted in
1917).

The nature of the intermediate depth anomalies is important from a
natural resources perspective for projects aiming to harness high
enthalpy geothermal energy or extract metals from saline magmatic
fluids. Metal content in magmatic fluids is strongly positively correlated
with the fluid salinity (Blundy et al., 2021), but determining fluid
salinity from magnetotelluric data alone is challenging. Although our
simplified magmatic system models favour hypersaline brines as the
cause of the intermediate depth anomalies, they also predict that in-
termediate depth hypersaline brine lenses should have electrical con-
ductivities on the order of 1 S m™! (Fig. 9). At the studied Andean
volcanoes, such strong (>1 S m~!) intermediate depth anomalies are
rare, only being observed at Laguna del Maule and Lascar (Fig. 1).
Therefore, large hypersaline brine lenses that represent precursors to
potential porphyry copper deposits (Blundy et al., 2015) and prospective
targets for extraction of saline magmatic fluids for metal recovery
(Blundy et al., 2021) may be relatively rare features (e.g. Stoltnow et al.,
2023). The scarcity of very strong (>1 S m™!) intermediate depth
anomalies indicative of large hypersaline brine lenses is also consistent
with the rarity of large well-mineralised porphyry copper deposits.
Conversely, commonly observed less electrically conductive (0.1 to 1 S
m™1) intermediate depth anomalies beneath volcanoes (Fig. 1) may
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represent lower salinity or poorly connected saline fluids, consistent
with the common occurrence of non- or poorly-mineralised magmatic-
hydrothermal alteration zones throughout volcanic arcs (Richards,
2018).

5.4. Future directions

Magnetotelluric studies provide useful insights into the sub-surface
structure at volcanoes, although uncertainties remain when interpret-
ing the imaged electrical conductivity anomalies. To constrain these
uncertainties, it is important to have accurate laboratory-derived elec-
trical conductivity relationships and an understanding of the appro-
priate spatial connectivities. Opportunities exist to add to our
knowledge in this area. Specifically, it would be useful to have more
generalised electrical conductivity relationships for silicate melts, and
for these to be constrained at crustal pressures. The electrical conduc-
tivity of hypersaline brines also requires further study. Most impor-
tantly, more work investigating the geometry and spatial connectivity of
melt and fluids depending on pressure, fluid and rock composition, and
fluid fraction is needed, especially at low fluid fractions and in crystal-
line rocks. Extending these relationships to three or more phases (e.g.
host rock + melt + fluid + sulphide) and investigating the coexistence of
phases (e.g. brine + vapour) could also help with the interpretation of
magnetotelluric data.

To best employ laboratory-derived electrical conductivity relation-
ships, analyses at individual volcanoes should incorporate petrological
constraints. For example, the low electrical conductivities observed at
Osorno are thought to arise from the very low water contents in the
melts (Tagiri et al., 1993), which reduces the melt electrical conduc-
tivity and limits magmatic fluid exsolution. However, a single volcano
may exhibit several different melt compositions, and petrologically
inferred melt storage temperatures can vary by several hundred degrees
(e.g. Boschetty et al., 2022). Furthermore, whether the spatial connec-
tivity determined in the laboratory is applicable to transcrustal scale
magnetotelluric surveys is also an important consideration. For
example, localised well-connected melt-rich lenses within lower melt
fraction mushes may be present at scales below the resolution of the
magnetotelluric survey, which would have the effect of smoothing out
the imaged electrical conductivity anomaly.

Our review of magnetotelluric investigations at Andean volcanoes
could also be expanded to cover other areas and tectonic settings. At
other subduction zones, magnetotelluric studies at volcanoes are
generally consistent with the findings from the Andes. For example,
spatially separate intermediate depth and deep electrical conductivity
anomalies have been imaged beneath volcanoes in New Zealand (Ber-
trand et al., 2012), North America (Peacock et al., 2016), and Japan
(Aizawa et al., 2022), while other subduction zone volcanoes display a
single vertically-extensive electrical conductivity anomaly (e.g. Hill
et al., 2009; Aizawa et al., 2014; Ogawa et al., 2014; Matsushima et al.,
2020). By contrast, rift or hotspot volcanoes likely have hotter more
mafic melt compositions but much lower water contents than arc vol-
canoes, which may produce different electrical resistivity structures.

6. Conclusions

The commonly observed electrical resistivity structure beneath An-
dean arc volcanoes of deep (>10 km), intermediate depth (~5 km), and
shallow (<3 km) electrical conductivity anomalies is consistent with a
model of deeper melt reservoirs, overlain by saline magmatic fluids, and
capped by a clay alteration layer (Fig. 11). Although many previous
studies attribute the intermediate depth anomalies to the presence of
partial melt, we show that saline magmatic fluids are generally more
consistent with the observed electrical conductivities. However, the
presence of partial melt at intermediate depths is also likely, suggesting
that the intermediate depth anomalies may represent mixed melt and
magmatic fluid systems, such as those responsible for forming
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magmatic-hydrothermal alteration zones and copper porphyry deposits.
Incorporating other petrological and geophysical data, ideally through
joint inversion methods, is therefore key for improving the interpreta-
tion of magnetotelluric data and understanding the resources and/or
hazards potential of magmatic systems. Developments in laboratory-
derived electrical conductivity relationships, especially investigating
the spatial connectivity of partial melt and saline fluids in the upper
crust, are also required to further constrain the interpretation of mag-
netotelluric studies at volcanoes.
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