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Magnetotelluric (MT) data were collected at the Laguna del Maule volcanic field (LdMVF), located in 
central Chile (36◦S, 70.5◦W), which has been experiencing unprecedented upward ground deformation 
since 2007. These data were used to create the first detailed three-dimensional electrical resistivity model 
of the LdMVF and surrounding area. The resulting model was spatially complex with several major 
conductive features imaged at different depths and locations around Laguna del Maule (LdM). A near-
surface conductor (C1; 0.5 �m) approximately 100 m beneath the lake is interpreted as a conductive 
smectite clay cap related to a shallow hydrothermal reservoir. At 4 km depth, a strong conductor (C3; 
0.3 �m) is located beneath the western edge of LdM. The proximity of C3 to the recent Pleistocene-to-
Holocene vents in the northwest LdMVF and nearby hot springs suggests that C3 is a hydrous (>5 wt% 
H2O), rhyolitic partial melt with melt fraction >35% and a free-water hydrothermal component. C3 dips 
towards, and is connected to, a deeper conductor (C4; 1 �m). C4 is located to the north of LdM at 
>8 km depth below surface and is interpreted as a long-lived, rhyolitic-to-andesitic magma reservoir 
with melt fractions less than 35%. It is hypothesized that the deeper magma reservoir (C4) is providing 
melt and hydrothermal fluids to the shallower magma reservoir (C3). A large conductor directly beneath 
the LdMVF is not imaged with MT suggesting that any mush volume beneath LdM must be anhydrous 
(<2 wt% H2O), low temperature and low melt fraction (<25%) in order to go undetected. The presence of 
large conductors to the north has important implications for magma dynamics as it suggests that material 
may have a significant lateral component (>10 km) as it moves from the deep magma reservoir (C4) to 
create small, ephemeral volumes of eruptible melt (C3). It is hypothesized that there may be a north–
south contrast in physical processes affecting the growth of melt-rich zones since major conductors are 
imaged in the northern LdMVF while no major conductors are detected beneath the southern vents. The 
analysis and interpretation of features directly beneath the lake is complicated by the surface conductor 
C1 which attenuates low-frequency signals. The attenuation from C1 does not affect C3 or C4. At 1 km 
depth directly beneath LdM, a weak conductor (C2; <10 �m) is imaged but is not required by the 
data. Forward modeling tests show that a relatively large (30 km3), high melt fraction (>50%), silicic 
reservoir with 5 wt% H2O at 2 to 5 km depth beneath the inflation center is not supported by the MT 
data. However, a smaller (10 km3) eruptible volume could go undetected even with relatively high melt 
fraction (>50%). The location of large melt regions to the north has important implications for long-term 
volcanic hazards at LdMVF as well as other volcanoes as it raises the possibility that the vent distribution 
is not always indicative of the location of deeper source regions of melt.
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1. Introduction

Large silicic magma systems have been the subject of intensive 
study due to their potential to cause very large, explosive erup-
tions (Self, 2006). However, it is still uncertain what causes these 
systems to develop and persist in the upper crust and what may 
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Fig. 1. Map of the study area around the Laguna del Maule Volcanic Field. Red dots are magnetotelluric sounding locations. The thick dashed line indicates the approximate 
area of observed inflation and the yellow dot (IC) denotes the point of maximum inflation as observed by InSAR (Feigl et al., 2013). Major lava flows are shown as colored 
polygons; the most recent (<25 ka) rhyolite flows are shown in dark pink (Andersen et al., 2017). Lava flows which are mentioned in the text are labeled on the map as is 
the southwest peninsula (SW) which is an important landmark. The inferred portion of the Troncoso Fault is shown as a dashed gray line. Small black dots are the locations 
of earthquakes with magnitude greater than 1 from 2011 to 2017 (Cardona et al., 2018). The thin dashed black line is the Chile–Argentina border. BC = Baños Campanario 
hydrothermal springs; CC = Cerro Campanario. The smaller regional map shows the location of Laguna del Maule as a red triangle along with San Pedro-Tatara Volcano 
(large yellow triangle) and Mariposa Geothermal System (MGS; blue circle) to the west. Small yellow triangles indicate other volcanos of the Southern Volcanic Zone. (For 
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
cause them to become unstable and erupt (Pritchard and Gregg, 
2016). A better understanding of these systems is needed to deter-
mine the volcanic hazards they present.

The Laguna del Maule volcanic field (LdMVF; 36◦S, 70.5◦W) is 
located on the Andean range crest of the Southern Volcanic Zone in 
central Chile (Fig. 1). It includes a high concentration of basaltic-
to-rhyolitic lava surrounding Laguna del Maule (LdM), an alpine 
lake at 2165 m above sea level (a.s.l.) near the Chile–Argentina 
border. A 200 km2 area of LdMVF has been experiencing rapid up-
ward ground deformation since at least 2007 as indicated by InSAR 
and ground-based GPS observations (Feigl et al., 2013). Uplift rates 
have exceeded 25 cm/yr resulting in a net vertical displacement 
of nearly 2 m (Le Mével et al., 2016). InSAR deformation modeling
suggests an inflation source located at a depth of approximately 
5 km below lake surface which has been interpreted as the ad-
dition of material into the upper crust (Le Mével et al., 2016). 
Bouguer gravity data also show a large gravity low beneath the 
lake which has been modeled as a low density body at 2 to 5 km 
depth (Miller et al., 2017a). Seismicity has been detected around 
LdM with prominent swarms to the southwest near the Troncoso 
fault at an average depth of approximately 2 km below sea level 
(Fig. 1; Cardona et al., 2018).

The distribution of lava flows, previous caldera eruptions, 
ground deformation, and gravity anomalies suggests that the 
LdMVF sits above a restless magmatic system which has the 
potential for large, explosive eruptions. This magmatic system 
is hypothesized to be a large, laterally-extensive crystal-rich 
mush zone with the observed inflation caused by mass addition 
from a deeper crystal-poor basaltic source (Singer et al., 2014;
Andersen et al., 2017).
To better understand this system, it is necessary to use geo-
physical methods to image the subsurface. Various geophysical 
methods indirectly measure different Earth properties such as den-
sity, acoustic velocity or electrical resistivity. Each method is im-
portant in giving a different view of the volcanic system depending 
on the Earth property the method is sensitive to. The electrical 
resistivity of the Earth is dependent on the presence and chem-
ical composition of hydrothermal fluids and partial melt as well 
as other factors such as clay minerals, temperature, and pressure 
(Unsworth and Rondenay, 2013). As such, imaging the electrical re-
sistivity of the subsurface beneath the LdMVF can give insight into 
the location, size and composition of fluids within this dynamic 
system.

Magnetotellurics (MT) is a passive electromagnetic geophysical 
method which is used to image the electrical resistivity of the sub-
surface by measuring the natural time-varying fluctuations of the 
Earth’s electric and magnetic fields and inverting these data in the 
frequency domain (Chave and Jones, 2012). MT has been previ-
ously applied at other volcanos to identify magma bodies in the 
shallow crust, investigate deformation sources, and study shallow 
hydrothermal systems (e.g. Heise et al., 2010; Aizawa et al., 2014;
Muñoz, 2014; Comeau et al., 2016). MT is suited to studying the 
LdMVF because it is able to locate zones of hydrothermal fluid 
and/or partial melt and place limits on the size and composition 
of inferred magma bodies.

2. Geological setting

The LdMVF is located approximately 25 km east of the active 
volcanic arc in a rear-arc extensional setting (Fig. 1; Hildreth et al.,
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2010; Ramos et al., 2014). Volcanism is driven by the subduction 
of the Nazca Plate beneath the South American Plate (Ramos et al., 
2014). To the west, San Pedro-Tatara Volcano and the associated 
Mariposa Geothermal System (MGS) are located on the modern 
volcanic arc (Fig. 1; Hickson et al., 2011). Hot springs are located 
to the northwest of the LdMVF at Baños Campanario and Termas 
del Medano which have chemical signatures suggesting a mixing 
between fluids from local magmatic reservoirs and meteoric water 
circulation (Benavente et al., 2016).

At least 130 vents have been identified in the LdMVF which 
have erupted more than 350 km3 of material in the last 1.5 Ma 
(Singer et al., 2014). Basaltic-to-rhyolitic lava flows are widely dis-
tributed around LdM and a large ignimbrite deposit to the north 
provides evidence of a caldera-forming eruption 950 ka (Hildreth 
et al., 2010). The eruptions at LdMVF have occurred in two dis-
tinct phases: 1) prior to 25 ka, lavas were compositionally variable 
with a full suite of basaltic-to-rhyolitic products and 2) after 25 ka, 
lavas have been almost exclusively rhyolitic suggesting a change 
may have occurred in the magmatic processes upon de-glaciation 
of the Andes (Singer et al., 2014). Lava flows encircle the lake with 
the most recent eruption occurring 2 ka at a vent approximately 
5 km south of the current inflation center and creating the Las 
Nieblas lava flow (Andersen et al., 2017).

Earlier petrological studies suggested that the eruptions derived 
from a single, large magma system (Hildreth et al., 2010). However, 
recent work by Andersen et al. (2017) presents a more compli-
cated model with temporal and compositional variations between 
northwest and southeast lavas. They conclude that it is likely that 
the lavas are derived from a large, crystal-rich reservoir beneath 
the lake which has been periodically spatially-segregated into 
ephemeral, crystal-poor, eruptible magma volumes in the north-
west and southeast.

3. Methodology

Magnetotelluric data are collected by making time-domain 
measurements of Earth’s natural electric and magnetic fields. In 
the frequency domain, these fields can be related with Maxwell’s 
equations using a rank 2 tensor of complex impedance[

Ex(ω)

E y(ω)

]
=

[
Zxx(ω) Zxy(ω)

Z yx(ω) Z yy(ω)

][
Hx(ω)

H y(ω)

]

where ω is the angular frequency, Z is the complex impedance, 
E is the electric field strength, and H is the magnetic field 
strength (Chave and Jones, 2012). The complex impedance contains 
frequency-dependent information about the Earth where lower fre-
quencies sample greater depths. The complex impedance is often 
presented as apparent resistivity (ρa) and phase (φ):

ρaij = 1

ωμ0
|Zij|2 and φi j = tan−1(Zij).

During the austral summers of 2015 and 2016, 54 broadband 
MT stations were collected within the LdMVF and surrounding 
area. These data were collected using Metronix ADU-07 data log-
gers and MFS-07 induction coil magnetometers along with EFP-06 
Pb–PbCl electrodes. Vertical magnetic transfer functions (i.e. tip-
per) data were also collected at some sites, but tipper data were 
not included in the present analysis or interpretation. Average grid 
station spacing was approximately 2 km, taking into account the 
difficulty of the terrain. Time series data were recorded for be-
tween 12 and 24 h. All sites were processed using the robust 
method with smoothing constraints of Larsen et al. (1996) and re-
mote reference methods were applied when possible (Chave and 
Jones, 2012). Resulting impedance data covered a broad range of 
Table 1
Summary of bandwidth and D+ root mean square (r.m.s.) misfit for all 71 MT sites 
in the survey area.

Average bandwidth 1000 Hz to 0.002 Hz

Maximum bandwidth 2600 Hz to 0.0005 Hz

Overall D+ r.m.s. Zxy component Z yx component
(6% Error) 1.06 1.02

frequencies from 2600 Hz to 0.0005 Hz. In addition to this sur-
vey, 17 MT sites were included from a previous broadband MT 
array collected by Alterra Power Corporation in 2009 and 2010 
using Phoenix MTU-5A instruments (Hickson et al., 2011). This re-
sulted in a total of 71 MT sites with locations shown in Fig. 1
(Stations.kml here) and all data curves are shown in Supplemen-
tary Material 1. The overall data quality is good with low root-
mean-square (r.m.s.) misfit using a 6% error floor when solving 
the idealized, analytical D+ solution for off-diagonal components 
(Parker and Whaler, 1981). The analytical D+ solution is a non-
physical one-dimensional model which fits MT curves with min-
imum misfit and can be used to aid interpretation (Beamish and 
Travassos, 1992). Low D+ misfit values with small error floors are 
often, but not always, an indication of relatively smooth, low-noise 
impedance data (Parker, 2010). A summary of data quality param-
eters is given in Table 1. Pseudo-section frequency slices of the 
determinant of the impedance tensor are shown in Fig. 2 plotted as 
determinant average apparent resistivity and phase (Ranganayaki, 
1984). The apparent resistivity is quite low (<10 �m) in both 
components at all frequencies in the area around the inflation cen-
ter indicating relatively low resistivity at both shallow and deep 
depths. High phases at higher frequencies (10 Hz) around the in-
flation center indicate decreasing resistivity at shallow depth but 
lower phases at low frequencies indicate increasing resistivity at 
deeper depths. Low apparent resistivities and very high phases at 
low frequencies (<0.1 Hz) to the north of LdM suggest a strong 
conductor at depth to the north.

The dimensionality of the data was investigated using phase 
tensor analysis from Caldwell et al. (2004). High beta-skew an-
gles (>3◦) at low frequencies (<0.1 Hz) suggest complex, three-
dimensional (3-D) geoelectric structure at depth and necessitate a 
3-D modeling approach (Fig. 2; Booker, 2014). At very low frequen-
cies (0.01 Hz), phase tensors indicate a weakly-developed strike of 
N13◦W as shown in rose diagrams in Fig. 2. This is in contrast 
to the N5◦E regional geoelectric strike described by the 2-D MT 
study of Reyes-Wagner et al. (2017) at this latitude, which included 
data collection in the Central Valley and Cordillera Principal. This 
may be an indication of a change in structural setting between the 
Cordillera Principal and the extensional trough in which the Ld-
MVF is located (Ramos et al., 2014). At higher frequencies, there is 
no clear geoelectric strike direction in the data.

The ModEM 3-D inversion package was used for all inverse 
modeling using finite difference methods and a non-linear con-
jugate gradient inversion algorithm (Kelbert et al., 2014). Both 
diagonal and off-diagonal impedance components were inverted. 
Various parameters were investigated and the primary resistivity 
features of the model were largely independent of chosen pa-
rameters (see Supplementary Material 2). The mesh shown has 
500 m horizontal cells in the central region (35 km × 25 km) 
with 12 padding cells in each direction increasing gradually to 
cover a 425 km × 425 km model space. Since the LdMVF is lo-
cated more than 200 km from the ocean, and the lowest frequency 
used was 0.0005 Hz, the ocean was not included in the model (see 
Reyes-Wagner et al. (2017) for a discussion of the ocean effect on 
regional data). Topography was included using 50 m cells and in-
cluded 2700 m of topographic relief in the central region with a 
maximum elevation of 3875 m a.s.l. and minimum elevation of 
1175 m a.s.l. The vertical cells increased gradually to a maximum 



D. Cordell et al. / Earth and Planetary Science Letters 488 (2018) 168–180 171
Fig. 2. Each row shows data at a different frequency (10 Hz, 1 Hz, 0.1 Hz, and 0.01 Hz) for the 71 MT sites. The first two columns show the interpolated apparent 
resistivity (column 1) and phase (column 2) data for the determinant average of the complex impedance with red indicating areas of low apparent resistivity and low phase, 
respectively. Black dots indicate MT site locations. The outline of Laguna del Maule is given as reference point. The third column shows histograms of β-skew angle which is a 
rotationally-invariant quantity calculated using the phase tensor (Caldwell et al., 2004). High β-skew angles (>3◦) indicate 3-D geoelectric structures while skew angles <3◦
suggest 1-D, 2-D or quasi-2-D structures (Booker, 2014). The final column shows rose histograms of strike angle calculated from phase tensor ellipse axes. Weakly developed 
geoelectric strike and relatively high skew values suggest largely 3-D structures over the survey area. (For interpretation of the references to color in this figure, the reader 
is referred to the web version of this article.)
depth of 700 km. The entire model volume was 98 × 74 × 124
cells and the inversion was begun with an initial 100 �m halfs-
pace starting model.

4. Results from the three-dimensional inversion of the MT data

The 3-D resistivity model obtained from inversion of the MT 
data is shown in Figs. 3 and 4. A satisfactory total r.m.s. misfit 
value of 1.46 was reached after 89 iterations using a 6% error floor 
on all impedance components. Error floors were chosen so that 
a D+ solution achieved a good fit without over-fitting or under-
fitting the data (Table 1). This choice of error floor provides a 
benchmark when assessing the 3-D inversion response because an 
r.m.s. misfit of 1.0 corresponds to the best-fit of the D+ solution 
for all sites. The r.m.s. misfit is shown as a function of frequency 
and for each station in map view in Fig. 3(e) and 3(f), respectively. 
All data curves with model fit are shown in Supplementary Ma-
terial 1. Higher r.m.s. misfit is generally found at stations on the 
edge of the array and at lower frequencies.

The resistivity model contains four primary conductive anoma-
lies with resistivities less than 10 �m. Depths to anomalies are 
cited as depth below lake surface of LdM (2165 m a.s.l.). Because 
of the diffuse nature of the MT signal, the depth to a given feature 
is best determined by the inflection point of a depth-resistivity 
curve rather than the point of minimum resistivity as shown in 
synthetic studies (Comeau et al., 2016). Other weaker conductive 
features (>10 �m) are also present but these were often small, 
poorly constrained on the edge of the array, or weakly conductive 
and are not interpreted in the present work.

4.1. Surface LdM conductor (C1)

The entire surficial geoelectric structure is inhomogeneous and 
influenced by topography and local geology immediately adjacent 
to the MT site locations (Fig. 3(a)). The roughness of the surface 
layer may also be related to the inversion model generating struc-
ture to fit static shifts and related galvanic effects. The largest, 
most continuous feature is C1: a thin, near-surface, low-resistivity 
anomaly (<1 �m) at approximately 100 m depth (2.0 km a.s.l.). 
C1 is centered on the point of maximum observed inflation with 
additional zones of low resistivity to the southeast.

4.2. Shallow LdM conductor (C2)

C2 is a shallow, low-resistivity anomaly at approximately 1.0 km 
depth (1.1 km a.s.l.) which is also spatially coincident with the 
zone of maximum inflation (Fig. 3(b)). It has dimensions of 4 km 
by 3 km and a minimum resistivity of 1 �m. C2 does not appear 
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Fig. 3. Model results shown using 4 horizontal slices through the model at approximate depths of (a) 0.2 km below lake surface (b.l.s.; 1.9 km a.s.l.), (b) 1.2 km b.l.s. (0.9 km 
a.s.l.), (c) 5 km b.l.s. (3.5 km b.s.l.), and (d) 11 km b.l.s. (9 km b.s.l.). Major interpreted features are labeled C1, C2, C3, C3a, C4, and R1. On each slice: BC = Baños Campanario; 
IC = Inflation Center; CC = Cerro Campanario; and the outline of the lake is given for reference. White space is air (above topography surface). The thin lines on each slice 
represent the 10 �m contour. (e) Graph shows r.m.s. misfit as a function of frequency for all stations (light blue lines) and overall (thick red line). (f) Map shows station 
locations with circles colored as the r.m.s. misfit value at each station. Blue corresponds to low r.m.s. misfit and red corresponds to high r.m.s. misfit. (For interpretation of 
the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 4. Model results are shown using a fence diagram using two diagonal slices through the model along PQ and QR as shown in map inset. Black dots in the map inset 
denote MT sounding locations. Profile PQ cuts across major features C3 and C4. Profile QR cuts directly across the inflation center (IC) and shows the edge of C3, as well as 
C2 and C1. To show more detail of C1 and C2, a model inset is enlarged. The thin dashed lines through the profiles denote the depth locations of the horizontal slices shown 
in Fig. 3. BC = Baños Campanario; CC = Cerro Campanario; White space at top of profile is air cells above topography surface.
in all inversion tests and does not appear to be required in order to 
adequately fit the MT impedance data and thus may be an artifact.

4.3. Espejos conductor (C3) and Campanario conductor (C4)

To the north and northwest of the inflation center are two con-
ductors (C3 and C4). C4 is the deepest low-resistivity feature in 
the model with a depth of 8–9 km (6–7 km b.s.l.) located beneath 
the Río Campanario Valley and Bobadilla Canyons (Fig. 3(d)). The 
minimum resistivity of C4 is approximately 1.5 �m. From C4, two 
conductive lobes extend towards the surface. The first lobe (Espe-
jos Conductor; C3), extends upward at 45 degrees from the south-
western edge of C4, trending north–south beneath the Río Maule 
Valley (Fig. 3(c)). It terminates at a depth of approximately 3 km 
(1 km b.s.l.) beneath the western edge of the lake. This feature has 
a strong conductive signature (<0.3 �m) and was previously iden-
tified using preliminary MT data (Singer et al., 2014). The second 
lobe (C3a) extends from the eastern edge of C4 and trends south–
east, terminating at 3 km depth near the 160 ka Cerro Campanario 
stratovolcano (Hildreth et al., 1998). Unfortunately, C3a is on the 
edge of the array and is less conductive than C3, so it is difficult to 
interpret. The apparent connection between C4 and shallower fea-
tures (C3 and C3a) may be partly due to diffusive smoothing of the 
inversion algorithm as resolution decreases with depth, but may be 
indicative of a geological connection. A regional two-dimensional 
MT study of the electrical structure of central Chile at this lati-
tude identified conductors at approximately the same location and 
depth as both C3 and C4 (Reyes-Wagner et al., 2017).
5. Geological interpretation and discussion

5.1. Interpretation of features within the area of observed ground 
deformation

There are two main features (C1 and C2) directly beneath LdM 
and the observed surface uplift. Since C1 is relatively shallow and 
spatially coincident with the lake bed, it is important to confirm 
that C1 is not due to free ions in the lake water. The electrical 
resistivity of the lake water was measured at four surface loca-
tions in 2017 and the measurements had an average value of 
53 ± 5 �m. This suggests the water is fresh and fed primarily by 
snow melt, since most natural lakes have a range of resistivities 
from 10–50 �m where higher resistivity indicates low total dis-
solved solids (USGS, 2017). Therefore, considering the resistivity 
of the water is quite high, the lake itself cannot be the source of 
the conductive anomaly (C1). It is likely that this conductor is the 
result of conductive hydrothermal fluids and/or clay-bearing sedi-
ments similar to that found at other volcano-hydrothermal systems 
(Muñoz, 2014 and references therein). The resistivity is quite low 
suggesting either: 1) a high-salinity hydrothermal fluid; or 2) an 
altered smectite clay with high cation exchange capacity (Muñoz, 
2014). If LdM were underlain by a shallow high-salinity reservoir, 
it would be expected that the lake water would be more saline due 
to fluid pathways between lake and shallow reservoir. As such, clay 
must play some role in the resistivity of the hydrothermal system 
and MT may be imaging the clay cap of the system. Smectite clay 
is indicative of the temperature of the hydrothermal fluid, with 
the smectite-illite transition occurring around 150 ◦C. Illite is more 
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resistive than smectite, so the low bulk resistivity of C1 suggests 
a reservoir temperature <150 ◦C (Muñoz, 2014). Heat and fluid 
may be supplied from the deeper conductive features C3 and C4 
(see Section 5.2). The presence of hydrothermal fluids at depths 
of 1.5 km has also been confirmed by time-lapse gravity studies 
(Miller et al., 2017b). While it is unlikely that MT would be able 
to detect a thin opening related to the time-lapse gravity, the MT 
data may be detecting a more long-lived, shallow hydrothermal 
zone beneath the lake.

The MT model shows a relatively weak conductor (C2) at 1 km 
depth directly below the center of inflation but the feature does 
not appear in all inversion models. In general, MT requires that the 
conductance (i.e. product of thickness and conductivity) of an un-
derlying layer is greater than the overlying layer in order to be de-
tected with confidence (Jones, 1999). The maximum conductance 
of C1 is approximately 400 S. The maximum conductance of C2 is 
also 400 S and is therefore on the limit of detection and, with-
out further constraints, could be considered an artifact. Removing 
C2 has very little effect on data fit and is primarily constrained 
by only one station (LDM049). The anomalies C3 and C4 both have 
maximum conductance values >5000 S and neither underlie C1, so 
C1 has no effect on the imaging of these features.

5.1.1. Incorporating previous Bouguer gravity results
Miller et al. (2017a) show that a 30 km3, 3 km-thick,

crystallinity-zoned magma reservoir with 50–85% rhyolitic melt 
from 2–5 km depth located directly beneath the lake is consistent 
with the Bouguer gravity data. This additional constraint suggests 
that C2 may be a poorly-resolved portion of a larger anomaly or 
an additional hydrothermal system overlying the anomaly imaged 
by Miller et al. (2017a). However, it is surprising that MT does 
not image a large conductor in the same spatial location as the 
anomaly of Miller et al. (2017a) since both MT and gravity meth-
ods should be sensitive to melt. As such, a sensitivity analysis is 
necessary to assess whether such a magma body as described by 
Miller et al. (2017a) could go undetected with MT. By adding a 
conductive anomaly which matches the size, location, and compo-
sition of the magma body inferred from the Bouguer gravity data, 
forward modeling tests can be used to compare the computed MT 
response of the edited model to the original data and inversion 
model response.

To do this, the resistivity of the modeled density anomaly must 
be estimated based on the water content, silica content and tem-
perature of the melt. Pressure also plays a role but, for the pres-
sures under consideration (50–200 MPa), any effect of pressure 
is negligible (Unsworth and Rondenay, 2013). Since the magma 
reservoir is likely to be crystallinity-zoned, a simplified two-layer 
magma reservoir is assumed (Andersen et al., 2017; Miller et al., 
2017a). The top layer is a 500 m-thick, 85% rhyolitic melt between 
790 ◦C and 850 ◦C with 5 wt% H2O. The lower layer is a 2.5 km-
thick, 5 wt% H2O, 50% dacitic melt between 790 ◦C and 850 ◦C. 
The temperature and water content ranges are taken from Miller 
et al. (2017a) to allow for direct comparison. The silica content 
and thickness of each layer is somewhat arbitrary based on the 
assumption that fractionation is occurring with silica-rich, high-
melt fraction components collecting near the top of the reservoir. 
Using the empirical relation for rhyolite from Guo et al. (2016), 
the average pure melt resistivity of Layer 1 is estimated to be 
approximately 0.4 �m (Fig. 5(a)). The empirical relationship for 
dacitic melt from Laumonier et al. (2015) is used for Layer 2 re-
sulting in an average pure melt resistivity of approximately 2.2 �m 
(Fig. 5(b)). The final step is to calculate the bulk resistivity of the 
partial melt using Modified Archie’s Law (MAL) from Glover et al.
(2000):
σb = σ f φ
m + σh(1 − φ)p

where

p = log(1 − φm)

log(1 − φ)

and σb is the bulk conductivity, σ f is the fluid conductivity, σh is 
the host rock conductivity, φ is the melt fraction, and m is the 
connectivity parameter. For most rocks, the value of m lies be-
tween m = 1.5 (well-connected) to m = 2.5 (poorly-connected). For 
the melt fractions under consideration, it can be assumed that the 
melt is well-connected and a value of m = 1.5 is used (Rosenberg 
and Handy, 2005). Using MAL, the estimated bulk resistivity of 
Layer 1 is approximately 0.5 �m while for Layer 2 the average 
value is 6 �m (Fig. 6).

To test whether such an anomaly could be detected, a lay-
ered resistivity anomaly (G1) was added to the MT inversion 
model with the same dimensions and location as the −600 kg/m3

Bouguer density isosurface from Miller et al. (2017a) (Fig. 7). The 
exact volume of G1 is 28 km3 after interpolation. The maximum 
conductance of the anomaly was 1400 S. The depth to the anomaly 
is less than the width and the conductance is quite large so on 
initial inspection it seems that the anomaly should have an MT 
response based on previous studies of magma bodies (Newman 
et al., 1985). The MT impedance response was computed for the 
edited model and compared to the inversion response of the orig-
inal model and MT data.

Fig. 7 shows the results of this forward modeling experiment 
and highlights site LDM013, located on the southwestern penin-
sula, which showed the greatest increase in r.m.s. misfit between 
the inversion response and the computed response of the edited 
model. At this site, the r.m.s. misfit ratio (i.e. the ratio between the 
misfit from the edited model divided by the misfit from the origi-
nal model) was 2.29 indicating the misfit more than doubled (from 
0.82 in the original model to 1.88 in the edited model). This sug-
gests a much poorer fit when the gravity anomaly is added. As can 
be seen in Fig. 7, the high frequencies are still fit well for the off-
diagonal impedance components but at frequencies less than 1 Hz, 
the computed response no longer fits the measured data. The diag-
onal components are generally much noisier than the off-diagonal 
components at all sites (see Supplementary Material 1) and this 
is true of LDM013 as well. The inversion fails to fit the diagonal 
components at high frequencies (>10 Hz) whether G1 is added or 
not. Importantly, when G1 is added, the fit to the diagonal com-
ponents also becomes worse at lower frequencies (<0.1 Hz). In 
Fig. 7, the r.m.s. misfit ratio for each station is shown in map view. 
This highlights the spatial sensitivity of the added gravity anomaly. 
This modeling test shows large increases in r.m.s. misfit when the 
G1 anomaly is added suggesting that a 30 km3, 50 to 85% melt 
fraction anomaly is not consistent with the MT data.

Since Bouguer gravity shows a clear data anomaly, it is useful 
to ask how small or how resistive an anomaly would need to be to 
go undetected by the MT data. To test this, three different sized 
anomalies at 2 km depth were investigated with different bulk 
resistivity values. A 30 km3 anomaly (G30) was set to have bulk 
resistivity values of 0.3, 0.5, 1, 3, 10, and 30 �m. These bulk resis-
tivities correspond to rhyolite melt fractions of roughly 100%, 85%, 
50%, 25%, 10%, and 5%, respectively assuming a 0.4 �m melt re-
sistivity (see Fig. 6). The same bulk resistivity values were applied 
to two smaller features: a 20 km3 anomaly (G20), and a 10 km3

anomaly (G10) (see Supplementary Material 3). Fig. 8 shows the 
r.m.s. misfit ratio for each MT station as a function of bulk resis-
tivity for the anomaly. As can be seen in Fig. 8, most stations have 
an r.m.s. misfit ratio near 1 regardless of the composition or size 
of the anomaly. This is due to the fact that most stations are far 
from the anomaly and cannot detect it. However, there is a gen-
eral upward trend in the r.m.s. misfit ratio as the bulk resistivity 
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Fig. 5. Water content as a function of temperature with contours of melt resistivity used for interpretation of features in text. On all plots, the gray box denotes the 
temperature and water content ranges based on petrological estimates from Andersen et al. (2017). (a) Water content vs. temperature relationship with contours of melt 
resistivity for rhyolite melt (Guo et al., 2016). This graph is used to estimate the melt resistivity of G1 (Layer 1; 0.4 �m) and M1 (2.4 �m) given temperature and water 
content constraints. It is also used to estimate the minimum melt resistivity of C3 (0.2 �m) given petrological constraints and to show that water content would need to 
be high (9 wt%) to achieve a melt resistivity of 0.06 �m. For C4, the maximum melt resistivity contour (0.3 �m) is shown which corresponds to <35% melt fraction (from 
Fig. 6). (b) Water content vs. temperature relationship with contours of melt resistivity for dacite melt (Laumonier et al., 2015). This graph is used to estimate the resistivity 
of G1 (Layer 2; 2.2 �m) given temperature and water constraints. It is also used to show that C3 is difficult to explain as a dacite melt because the 0.3 �m melt resistivity 
contour represents 100% melt and does not pass through the gray box. Similarly, a 0.3 �m melt resistivity corresponds to a 35% melt fraction for C4 (see Fig. 6) and so it is 
difficult to explain C4 as a dacite unless the melt resistivity (and melt fraction) are higher. (c) Water content vs. temperature relationship with contours of melt resistivity 
for andesite melt (Guo et al., 2017). This graph is used to show that it is difficult to explain C3 as andesite given petrological constraints because the 0.3 �m melt resistivity 
contour (corresponding to 100% melt fraction) does not pass through the gray box. It is possible to explain C4 as a low melt-fraction (<35%) andesite if temperatures or 
water contents are slightly beyond petrological estimates (e.g. 1030 ◦C and 5.3 wt% water). A constant pressure of 100 MPa was used for all estimates.
of a given anomaly is decreased and as the size is increased. Fig. 8
highlights LDM013, which had the greatest increases in r.m.s. mis-
fit. In order to keep the r.m.s. misfit ratio at LDM013 relatively 
low (e.g. <2), G30 needs to have a bulk resistivity greater than 
approximately 5 �m. This corresponds to a rhyolitic magma body 
with a melt fraction less than 25%. In contrast, a small, 10 km3

anomaly (G10) is outside the resolution limits of the current MT 
array and sees almost no change in r.m.s. misfit, even at relatively 
high melt fraction (e.g. >50% melt). The maximum conductance of 
G10 is greater than the conductance of C1 for resistivity values of 
0.3, 0.5, and 1 �m. A 20 km3 anomaly could also go undetected 
but would need lower melt fraction (e.g. <50% melt). This exercise 
provides a range of possible models which are consistent with the 
MT results while excluding certain models as inconsistent. More 
complete data curves are shown in Supplementary Material 3.

A final possibility to consider is that the temperature of the 
melt has a very strong effect on both the density and resistivity 
of the magma body. Recent petrological estimates from Andersen 
et al. (2017) suggest melt temperatures could be as low as 760 ◦C. 
If the magma temperature is low, it could result in increased bulk 
resistivity and decreased bulk density which would make gravity 
data more sensitive to the anomaly while making electrical data 
less sensitive to the anomaly. The lack of a strong electrical sig-
nature in the MT data provides an important constraint on the 
available geological interpretations of the LdMVF magma system.
5.1.2. Deep inflation source
The MT inversion does not image any conductor with the same 

location or depth as the inflation source modeled by Feigl et al.
(2013) or Le Mével et al. (2016). The inflation source is modeled
as either a 9 km by 5 km basaltic sill oriented north–northeast 
at 5 km depth or a penny-shaped crack with radius of 6.2 km 
and depth of 4.5 km. Over the course of 7 yrs of observation, 
an estimated 0.19 km3 of material has been injected (Le Mével et 
al., 2016). Simple geometric estimates suggest an opening of be-
tween 1 to 4 m. Using the empirical relation of Ni et al. (2011), 
a resistivity of 0.1 �m for a pure basaltic melt injection is a rea-
sonable approximation. However, even with a highly-conductive, 
pure melt injection, a 4 m thick sill could not be imaged by the 
MT data. Taking into account the potential attenuation by C1, the 
limiting thickness for resolving such a feature at 5 km depth is 
>20 m given a simplistic, ideal 1-D assumption (Supplementary 
Material 4).

5.2. Interpretation of features outside the area of observed inflation

5.2.1. North of LdM
The Espejos Conductor (C3) is the most robust feature in the 

MT model and was detected in prior, less detailed 2-D and 3-D 
MT studies (Singer et al., 2014; Reyes-Wagner et al., 2017). Given 
the proximity to both the recent basaltic-to-rhyolitic vents in the 
northwest, the 950 ka Bobadilla caldera, and the saline Baños 
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Fig. 6. Modified Archie’s Law (MAL; Glover et al., 2000) plotted as melt fraction vs. melt resistivity with contours of bulk resistivity for m = 1.5. This graph is used to estimate 
the bulk resistivity of G1 Layer 1 (0.5 �m), G1 Layer 2 (6 �m), and M1 (20 �m) based on the melt resistivities estimated from Fig. 5(a) and 5(b). It is also used to estimate 
the minimum melt fraction (75%) for C3 based on petrological estimates of rhyolite melt resistivity from Fig. 5(a). Finally, it is used to estimate the melt resistivity of C3 
(0.06 �m) and C4 (0.3 �m) necessary to achieve melt fractions <35%.
Campanario hot springs, it is possible that C3 and/or C4 could 
be partial melt, hydrothermal fluids, hydrothermal alteration, or 
some combination. The depth of C4 at approximately 9 km be-
low surface (7 km b.s.l.) supports a magmatic interpretation since 
this is a common depth at which partial melt accumulates at the 
upper-to-middle crust boundary (Chaussard and Amelung, 2014). 
The distribution of seismicity can also constrain the depth of the 
brittle-ductile transition (Ogawa et al., 2014). While there is signif-
icant seismicity to the southwest of LdM along the Troncoso fault 
at 3 to 5 km depth (Fig. 1), there is a notable lack of seismic-
ity to the north of LdM (i.e. near C3 or C4) which may suggest a 
hotter, more ductile zone. C3 could be interpreted as a hydrother-
mal system of exsolved fluids related to C4 (Newman et al., 1985). 
However, given the inferred melt present in G1 (at shallower depth 
than C3; Miller et al., 2017a) and the lack of seismicity it seems 
likely that C3 contains some amount of partial melt.

There is no clear Bouguer gravity signature associated with C3 
or C4 (Miller et al., 2017a). For C4, this can be explained by the 
lack of gravity stations north of the lake. The lack of gravity sig-
nature associated with C3 can be used as an additional constraint 
on the composition suggesting that C3 is a higher density anomaly 
nearer to the 2400 kg/m3 background density used by Miller et al.
(2017a).

The minimum bulk resistivity of C3 is low (0.3 �m) which is 
difficult to explain without including large amounts of dissolved 
water in the melt to increase the conductivity (Laumonier et al., 
2017). Andersen et al. (2017) give petrological estimates for the 
temperature range of 760 ◦C to 1000 ◦C and water contents of 
4–5 wt% for erupted lavas at the LdMVF. Using the empirical re-
lation for rhyolite from Guo et al. (2016), it can be seen that 
the estimated melt resistivity would be between 0.2 �m and 
0.8 �m (gray box in Fig. 5(a)). Given the modeled bulk resistiv-
ity of C3 (0.3 �m), these melt resistivity values correspond to 
melt fractions greater than 75% (Fig. 6). The empirical relations 
for dacite (Fig. 5(b); Laumonier et al., 2015) or andesite (Fig. 5(c); 
Guo et al., 2017) cannot explain the modeled bulk resistivity for 
C3 even with 100% melt, unless water content or temperature 
are significantly higher. A rhyolite melt fraction of 75% is quite 
high for such a large, shallow anomaly and in order to arrive 
at a lower melt fraction estimate, either temperature or water 
content (or both) must be higher. An increase in either param-
eter is not supported by petrological data but, by their nature, 
such data can only sample previously erupted material and may 
not be indicative of magma storage conditions today, especially 
if eruptible reservoirs are ephemeral. Furthermore, aqueous flu-
ids in subduction zones have been widely studied and should not 
be ruled out as an explanation (e.g. Wannamaker et al., 2014;
Laumonier et al., 2017). The presence of nearby hot springs with 
strong magmatic signature is further evidence that water is present 
in the upper crust (Benavente et al., 2016). It is possible that C3 
is a magma-hydrothermal system composed of both hydrous par-
tial melt and free-water hydrothermal fluids. For example, if the 
magma-hydrothermal system included 9 wt% water, then the melt 
fraction could be less than 35% (Fig. 5(a) and Fig. 6).

For C4, a similar analysis was undertaken where the minimum 
modeled bulk resistivity of 1.5 �m is greater than for C3. Thus C4 
can be explained with a relatively low melt fraction without invok-
ing high water contents. In terms of volcanic hazards, an important 
question to ask is whether C4 could be considered a large eruptible 
volume of relatively crystal-poor magma. In order to be considered 
an eruptible volume, the melt fraction should be greater than 35% 
at which point the viscosity of the reservoir becomes low enough 
to allow it to flow (Bachman and Bergantz, 2008). For this to be 
the case for C4, using MAL, the melt resistivity would need to be 
greater than 0.3 �m (Fig. 6). The 0.3 �m melt resistivity contour 
is highlighted in Fig. 5 for the empirical relations for rhyolite (Guo 
et al., 2016), dacite (Laumonier et al., 2015) and andesite (Guo et 
al., 2017). As can be seen in Fig. 5(a), this melt resistivity contour 
passes through the range of petrological estimates from Andersen 
et al. (2017) and suggests that C4 could be explained as a relatively 
low melt fraction crystal-rich rhyolite mush which is not currently 
eruptible. However, both dacite and andesite melts would require 
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Fig. 7. Sensitivity analysis for a layered, 30 km3 resistivity anomaly (G1) with a maximum conductance of 1400 S. The anomaly has the same dimensions and location as 
the preferred gravity model described in Miller et al. (2017a). Layer 1 has resistivity of 0.5 �m, Layer 2 has resistivity of 6.0 �m. See text for more details. (a) The top 
panel shows the same diagonal fence diagram from Fig. 4 along PQR through the inversion model with the G1 anomaly added. (b) The apparent resistivity and phase of the 
impedance tensor components as a function of frequency for site LDM013. The red and pink hexagons with errors bars show the xy and xx data, respectively, as a function of 
frequency. The blue and light blue circles with error bars show the yx and yy data, respectively. The solid lines show the inversion response of the original inversion model; 
the dashed lines show the computed response of the model with the added gravity anomaly. (c) The map shows station locations colored by r.m.s. misfit ratio (station misfit 
with G1 added divided by original station misfit). Higher ratios indicate greater increases in misfit. No site had r.m.s. misfit ratio less than 0.90 so any decrease in r.m.s. is 
negligible. The small star denotes site LDM013 which had the highest r.m.s. misfit ratio (2.29) with an increase from 0.82 to 1.88. The approximate location of G1 is shown 
with a black rectangle. BC = Baños Campanario; CC = Cerro Campanario. (For interpretation of the references to color in this figure, the reader is referred to the web version 
of this article.)
melt fractions greater than 35% to explain the modeled bulk re-
sistivity under the assumption that the petrological estimates are 
valid for C4 (Fig. 5(b) and 5(c)).

5.2.2. South of LdM
There are no major conductive features imaged to the south of 

LdM and much of the southeast LdM basin is resistive at depth 
(R1; see Figs. 3 and 4). This is surprising given the large volume of 
post-glacial erupted material to the southeast of LdM.

The lack of conductors to the south and east makes it unlikely 
that the entire LdMVF is underlain by a large crystal-poor reser-
voir. To test this hypothesis, a continuous, 0.5 �m conductive layer 
was added to the original inversion model at a depth of 4 km and 
with a spatial extent matching the extent of LdMVF (Fig. 9a). The 
layer (M1) has a thickness of 500 m and represents a continuous, 
crystal-poor (85%) rhyolite reservoir at a temperature of 800 ◦C and 
5 wt% H2O (Fig. 6). The shape of the added anomaly was chosen 
to encompass most of the vents around LdMVF. Large changes to 
r.m.s. misfit are seen at sites around much of LdM with maximum 
discrepancies at sites in the southeast (Fig. 9b). At site LDM008, 
the r.m.s. misfit increased from 0.73 in the original inversion, to 
3.29 in the edited model and large discrepancies were seen in all 
impedance components. Total r.m.s. misfit increased to 2.24 for all 
data points and most of this increase occurred at frequencies less 
than 1 Hz.

A shallow (<5 km), crystal-rich, rhyolite mush underlying the 
entire LdMVF is consistent with the MT data provided that the 
melt is relatively anhydrous, has relatively low melt fraction, and is 
at the lower end of temperature estimates from petrological data. 
For example, a 25% melt fraction mush with 1 wt% H2O at 760 ◦C 
results in a bulk resistivity of approximately 20 �m (Fig. 5(a), 
Fig. 6). Given the overlying conductor (C1) which attenuates signal, 
it would be unlikely that MT could detect such a mush zone, even 
if it were 500 m thick (see Supplementary Material 5). The lack of 
large conductors beneath LdMVF provides an important petrologi-
cal constraint and this interpretation is consistent with the inferred 
115 km3 mush zone imaged by Bouguer gravity data which Miller 
et al. (2017a) suggested was anhydrous (1 wt% H2O) and relatively 
low melt fraction (30%).

6. Implications for magma dynamics and conclusions

The MT model suggests that the LdMVF is fed from a multi-
chamber magmatic column with a large, deep (>8 km), melt 
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Fig. 8. R.M.S. misfit ratio for each MT site as a function of the bulk resistivity for the anomalies (a) G10 (10 km3), (b) G20 (20 km3), and (c) G30 (30 km3), which were 
added to the original inversion model. Each plot shows how r.m.s. misfit changed for each station (thin, dashed lines) with site LDM013 highlighted (thick line). Lower bulk 
resistivities on each plot show larger increases in r.m.s. misfit. Larger anomalies (G30) show larger increases in r.m.s. misfit than small anomalies (G10). Most sites have r.m.s. 
misfit ratios near 1 because they are far from the anomaly and not influenced by it, regardless of the anomaly’s size or bulk resistivity. However, more sites see increases 
in r.m.s. misfit ratio (>1.5) for the larger anomaly, G30. The MT data at all sites is relatively insensitive to the small anomaly (G10), regardless of the bulk resistivity of the 
anomaly.
region to the north (C4) providing heat and melt to shallower 
(<5 km depth), zones beneath the LdMVF. This heat and melt 
injection allows for the formation of volumes of melt and hy-
drothermal fluids in the northwest LdMVF (C3). An even shallower 
anomaly (<3 km depth) identified with Bouguer gravity data is lo-
cated directly beneath LdM. MT forward modeling tests show that 
this anomaly (G1) is unlikely to be a large (30 km3), high melt 
fraction (>50%) anomaly. However, a smaller (e.g. 10–20 km3) or 
lower melt fraction magma body would not be detectable with MT. 
This shallow feature (G1) may be part of a larger crystal mush 
zone as suggested by Andersen et al. (2017) which is reactivated 
by heat and melt from C4. However, such a shallow mush would 
need to have very low water content (1%) and very low tempera-
ture (760 ◦C) in order to go undetected by MT.

The fact that C4 underlies the inferred outline of the 950 ka 
Bobadilla caldera from Hildreth et al. (2010) suggests that C4 may 
be a large, long-lived region of warm storage responsible for the 
largest observed eruptions in the LdMVF. Mafic recharge from the 
lower crust is required to maintain a large zone of partial melt 
at 9 km depth for 1 Ma. However, intrusion rates do not need to 
be high and could be as low as 10−4 km3/yr assuming the lower 
crust (>25 km depth) is considered thermally mature (Karakas et 
al., 2017).

Crucially, the deepest conductive region (C4) lies outside the 
zone of deformation and beyond the edge of any post-glacial vents 
or lava flows. No major conductive features are imaged to the 
south or southeast of the LdM basin and, in fact, much of this 
region is resistive at depth. This implies that source melts for the 
northwestern vents in the LdMVF travel both vertically and later-
ally (5–10 km) as they migrate to the surface. The progression from 
C4 to C3 to G1 shows a potential pathway from deeper, north-
ern source regions to shallow regions directly beneath the LdMVF 
(Fig. 4). This interpretation is not conventional in terms of con-
ceptual magma plumbing models which generally assume purely 
vertical ascent; however such distances are not unreasonable and 
have been seen at other volcanos and calderas (Hill et al., 2009;
Kelbert et al., 2012; Aizawa et al., 2014; Cashman and Giordano, 
2014). This has implications for magma transport mechanisms, lo-
cal structural stress regimes at LdMVF, and the source material for 
the observed inflation.

The MT model and interpretation presented here suggests that 
there is a difference between the southeast and northwest LdMVF 
in terms of melt generation and fluid transport since the northwest 
contains significant conductive anomalies (C3 and C4) while the 
southeast is largely resistive (R1). However, the southeast also con-
tains large volumes of post-glacial rhyolite so it is important to ask 
where the magma and heat that drives these eruptions is coming 
from. Two possible explanations can be offered. The first is that the 
large volume of melt to the north (C4) is providing heat and melt 
to both the northwest and southeast LdMVF. This would require 
relatively long lateral distances (e.g. >20 km from C4 to Barrancas 
vents) and there is little geological evidence to support this inter-
pretation. The second possibility is that the erupted lavas in the 
northwest and southeast have two different source regions with 
the southeast source region being too deep to be resolved with 
the current MT array or beyond the edges of the current MT ar-
ray. Petrological evidence from Andersen et al. (2017) showed that 
there is a compositional distinction between the post-glacial lavas 
in the northwest and southeast LdMVF. There is further evidence 
that the Troncoso fault may be an important structural lineament 
separating a fractured and faulted zone to the northwest from a 
relatively un-faulted zone to the southeast (Keranen et al., 2016). 
The MT model and interpretation, along with these other lines of 
evidence, support the possibility that the source regions of melt 
for the southeast and northwest vents are different. More geo-
physical and geological evidence is necessary to better understand 
the source regions for the southeast vents of the LdMVF including 
further exploration in Argentina and more detailed study of the 
Barrancas complex.
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Fig. 9. Sensitivity analysis for a uniform, 0.5 �m, 500 m thick layer underlying a large portion of the Laguna del Maule Volcanic Field. The anomaly represents a large, 
crystal-poor magma reservoir with 85% rhyolitic melt. (a) The top panel shows the same diagonal fence diagram from Fig. 4 along PQR through the inversion model with the 
M1 anomaly added. (b) The apparent resistivity and phase of the impedance tensor components as a function of frequency for site LDM008. The red and pink hexagons with 
errors bars show the xy and xx data, respectively, as a function of frequency. The blue and light blue circles with error bars show the yx and yy data, respectively. The solid 
lines show the inversion response of the original inversion model; the dashed lines show the computed response of the model with the added layer. (c) The map shows 
station locations colored by r.m.s. misfit ratio (station misfit with M1 added divided by original station misfit). Higher ratios indicate greater increases in misfit. No site had 
r.m.s. misfit ratio less than 0.90 so any decrease in r.m.s. is negligible. The small star denotes site LDM008 which had the highest r.m.s. misfit ratio (4.51) with an increase 
from 0.73 to 3.29. The approximate location of M1 is shown with a black rectangle. BC = Baños Campanario; CC = Cerro Campanario. (For interpretation of the references 
to color in this figure, the reader is referred to the web version of this article.)
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