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Abstract The Laguna del Maule (LdM) volcanic field comprises the greatest concentration of postglacial
rhyolite in the Andes and includes the products of ~40 km?® of explosive and effusive eruptions. Recent
observations at LdM by interferometric synthetic aperture radar and global navigation satellite system
geodesy have revealed inflation at rates exceeding 20 cm/year since 2007, capturing an ongoing period of
growth of a potentially large upper crustal magma reservoir. Moreover, magnetotelluric and gravity studies
indicate the presence of fluids and/or partial melt in the upper crust near the center of inflation. Petrologic
observations imply repeated, rapid extraction of rhyolitic melt from crystal mush stored at depths of

4-6 km during at least the past 26 ka. We utilize multiple types of surface-wave observations to constrain the
location and geometry of low-velocity domains beneath LdM. We present a three-dimensional shear-wave
velocity model that delineates a ~450-km? shallow magma reservoir ~2 to 8 km below surface with an
average melt fraction of ~5%. Interpretation of the seismic tomography in light of existing gravity,
magnetotelluric, and geodetic observations supports this model and reveals variations in melt content and a
deeper magma system feeding the shallow reservoir in greater detail than any of the geophysical methods
alone. Geophysical imaging of the LdM magma system today is consistent with the petrologic inferences
of the reservoir structure and growth during the past 20-60 kyr. Taken together with the ongoing unrest, a
future rhyolite eruption of at least the scale of those common during the Holocene is a reasonable possibility.

1. Introduction

Explosive silicic eruptions pose a substantial hazard to infrastructure and population centers (e.g., Castro &
Dingwell, 2009; Self & Blake, 2008; Sparks et al., 2005). However, the scarcity of rhyolitic eruptions in the
historical record limits understanding of their precursors and hampers efforts to anticipate their occurrence.
Large silicic magma reservoirs, which are capable of producing both repeated modest-volume and large
caldera-forming eruptions, are generally thought to comprise a crystal mush—a crystalline framework con-
taining greater than ~40-50% crystals—from which less crystalline and thus eruptible magma batches may
be extracted (Bachmann & Bergantz, 2004; Hildreth, 2004). A growing body of evidence indicates that shal-
low, eruptible (generally requiring >60% melt) magma bodies are ephemeral and that extensive crystal-rich
reservoirs from which they are assembled may be destabilized rapidly when intercepted by ascending melt
(e.g., Andersen, Jicha, et al., 2017; Andersen et al., 2018; Cooper & Kent, 2014; Druitt et al., 2012; Parks et al.,
2012; Rubin et al., 2017; Singer et al., 2016; Szymanowski et al., 2017). Moreover, these eruptible magma
chambers and the upper reaches of their surrounding crystal-rich reservoirs reflect transcrustal magma sys-
tems that extend vertically into the lower crust (Cashman et al., 2017). Yet the architecture of such transcrus-
tal systems (Marsh, 2015), the mechanisms and rates of melt transport through their mostly cool crystalline
mush columns (Jackson et al., 2018), and the thermochemical conditions required to generate and store sig-
nificant volumes of eruptible magma in shallow chambers that form within them (Barboni et al., 2016;
Cooper & Kent, 2014) all remain elusive.
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Geophysical methods including interferometric synthetic aperture radar (InSAR) and global navigation
satellite system (GNSS) geodesy, gravity, magnetotellurics (MT), and seismology offer means to constrain
the dimensions and architecture of magma reservoirs and establish bounds for the conditions of magma sto-
rage (e.g., Hill et al., 2009; Lees, 2007; Lowenstern et al., 2006; Masterlark et al., 2010; Miller & Williams-
Jones, 2016; Parks et al., 2012). Moreover, the capability to make several types of geophysical measurements
of magmatic systems that are restless and growing in size as exhibited by surface inflation, and for which
petrochronologic data are available, offers novel opportunities to better understand the dynamics of these
potentially hazardous systems (Jay et al., 2014; Kukarina et al., 2017; Pritchard & Gregg, 2016; Singer
et al., 2014). Although the detection of accumulated crystal-poor melt within a region of ongoing crustal
deformation would represent a substantial volcanic hazard, to date, geophysical methods have not been able
to clearly and consistently identify melt-rich magma reservoirs in the upper crust associated with large silicic
systems (Comeau et al., 2016; Huang et al., 2015; Jaxybulatov et al., 2014; Ward et al., 2014) and thus have
not contributed to this debate in a conclusive manner. In part, this is because various geophysical techniques
are sensitive to different physical parameters and models derived from each method are inherently nonuni-
que, such that they may produce apparently conflicting views of the same magma system (Pritchard &
Gregg, 2016).

Here we present a three-dimensional (3D) shear-wave velocity (Vs) model for the restless, rhyolitic Laguna
del Maule (LdM) volcanic field in the southern Andes (Hildreth et al., 2010; Singer et al., 2014). The rapid
growth of the shallow magma reservoir, frequent eruption of rhyolite during the late Pleistocene to
Holocene, plus long-term and modern unrest accompanied by episodic surface inflation collectively suggest
LdM may currently be building toward an explosive, potentially large, eruption (Hildreth et al., 2010; Singer
et al., 2014. Singer et al., 2018).The Vg model reveals an upper crustal magma reservoir of several hundred
cubic kilometers dominated by crystal-rich conditions located near the center of ongoing
surface deformation.

Other published observations that are integrated into our interpretations are the following: (1) geodetic sur-
veys using InSAR and GNSS data (Feigl et al., 2014; Le Mével et al., 2015, 2016), (2) gravity measurements
and the 3D density distribution (Miller et al., 2017), (3) an MT survey and 3D electrical resistivity structure
(Cordell et al., 2018), (4) petrochronologic findings from several rhyolitic eruptive products (Andersen,
Singer, et al., 2017; Andersen et al., 2018), and (5) geomorphic evidence that the LdM magma reservoir
has grown rapidly during the Holocene (Singer et al., 2018). The combined observations provide more
detailed constraints on the size, geometry, melt content, and dynamics of the modern LdM magma system.
The integration of these observations reveals that the modern, shallow LdM magma reservoir (1) is laterally
offset from its deeper, transcrustal roots; (2) persists dominantly at near-solidus conditions but contains
smaller-volume (<20 km®) melt-rich lenses; and (3) is consistent with the continuation of at least 40 kyr
of magmatism at LdM that has catalyzed the frequent eruption of rhyolite over the last 20 kyr.

2. Geologic Setting and Existing Geophysical Data

LdM sits atop the southern Andean range crest where a flare-up of dominantly silicic volcanism occurred
during the past 20,000 years (Figure 1a; Andersen, Singer, et al., 2017; Hildreth et al., 2010). The rhyolite lava
flow of Las Nieblas (Figure 1a) is among the most recent eruptions within the LdM basin, most likely during
the last 2,000 years (Andersen, Singer, et al., 2017; Fierstein, 2018; Hildreth et al., 2010). The silicic eruptions
include effusive and explosive events and are volumetrically dominated by crystal-poor rhyolite, with less
voluminous rhyodacite and andesite eruptions concentrated in the northwestern to western LdM basin out-
side the periphery of rhyolitic vents (Figure 1a). Rhyolite at LdM is generated by differentiation of mafic to
intermediate precursors in the upper crust (4- to 6-km depth) by fractional crystallization with subordinate
assimilation of partially solidified magma bodies emplaced during the late Pleistocene as well as plutonic
and volcanic wall rocks comprising a young upper crust (Andersen, Singer, et al., 2017). This shallow mag-
matism is the uppermost expression of a long-lived transcrustal magma system (Cashman et al., 2017)
reflecting hundreds of thousands of years of Quaternary magma flux that extends upward from the deep
crust and comprises polybaric domains of magma storage and crustal assimilation (Andersen, Singer,
et al., 2017; Hildreth & Moorbath, 1988). Complex mineral zoning and ubiquitous centimeter-scale chilled
mafic inclusions within the rhyodacite lavas record the ascent of mafic to intermediate magma
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Figure 1. Shaded relief maps of central Laguna del Maule (LdM) volcanic field. (a) Simplified postglacial geology of LdM volcanic field, modified from Hildreth
et al. (2010) and Andersen, Singer, et al. (2017). The stars are volcanic vents, and the bull's-eye is the approximate center of ongoing uplift at >20 cm/year (Feigl
et al., 2014). TF = Troncoso fault (black line). Red line = road. (b) The seismic stations at LdM volcanic field used in this study.

throughout postglacial time. However, such magmas rarely erupted within the locus of rhyolite volcanism
(Figure 1la); the rhyolites are mostly free of mafic inclusions and host a dominantly homogeneous

Figure 2. Deformation pattern from 3 years of interferometric synthetic
aperture radar observations (Feigl et al., 2014).

plagioclase population indicative of unperturbed in situ crystallization.
Accordingly, it is hypothesized that a substantial magma reservoir
resides beneath LdM that intercepts the ascent of less evolved magmas
and serves as the source for rhyolite magma bodies that have repeatedly
accumulated and erupted from its upper reaches (Andersen et al., 2018;
Andersen, Singer, et al., 2017; Hildreth et al., 2010; Singer et al., 2018).

Recent observations at LdAM by InSAR and GNSS satellite geodesy have
revealed inflation at rates exceeding 20 cm/year since 2007 (Feigl et al.,
2014; Fournier et al., 2010; Le Mével et al., 2015, 2016) (Figure 2). This epi-
sode of inflation has been explained by a model of a transient supply of
magma into a reservoir at 4.5-km depth (below surface) and requires
recharge at a rate of 0.03-0.04 km®/year (Le Mével et al., 2016). Such a flux
is sufficient to destabilize a cool silicic magma reservoir (Druitt et al.,
2012; Parks et al., 2012). This current inflation and unrest may be the most
recent of many episodes that have warped the surface of the LdM basin
more than 60 m as the shallow magma reservoir grew during the
Holocene (Singer et al., 2018). Petrologic constraints suggest that the accu-
mulation of fluids derived from intruding magma may be an important
mechanism by which rhyolite eruptions have been triggered at LdM
(Andersen et al., 2018). The occurrence of earthquake swarms and long-
period earthquakes (Cardona et al., 2018) as well as diffuse CO, soil degas-
sing (Miller et al., 2017) is also consistent with the presence of magmatic
fluids. Thus, the ongoing unrest may capture the growth and possibly
the destabilization of a potentially large, rhyolitic upper crustal magma
reservoir that could culminate in eruption (Singer et al., 2014).
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A negative Bouguer gravity anomaly is spatially coincident with the current uplift (Miller, Williams-Jones,
et al., 2017). Inversion for the 3D density distribution supported by several hundred gravity observations
made around the lake yields a model (supporting information Figure S1a) wherein a 30-km® low-density
body at 2- to 4-km depth, containing a high melt percentage and exsolved fluids, is embedded within a
115-km? domain from ~1.5- to 6-km depth. The 115-km? body is inferred to be crystal rich (<30% melt) based
on the predicted density of cool intermediate to silicic LdAM magma (Miller, Williams-Jones, et al., 2017).

Recent MT measurements (Cordell et al., 2018) reveal low-resistivity bodies (C1 and C2) directly beneath the
current center of inflation that are small and close to the surface (supporting information Figures S1b and
S1c) but can be explained without the presence of partial melt. The C2 conductor is coincident with the
source of positive gravity changes observed by Miller, LeMével, et al. (2017), which are interpreted as hydro-
thermal fluids migrating into the Troncoso fault (Figure 1a). The largest, lowest resistivity bodies (C3 and
C4) that are more consistent with the presence of substantial melt are deeper (>6 km) and centered north
of the lake (Cordell et al., 2018), away from most of the active Holocene vents and the focus of the
ongoing unrest.

3. Surface-Wave Tomography

The locations of the seismic stations used in our analysis of the modern LdM magma system are shown in
Figure 1b. Surface-wave dispersion data are obtained using three different processing methods. We utilize
continuous data from a local array of 43 seismic instruments spread over an area about ~30 by 30 km with
a typical station spacing of 3 to 5 km (Figure 1b). There is a large gap in the center of the array due to the
presence of the lake, with the exception of an instrument on a peninsula in the west and on an island in
the northeast corner of the lake.

We used the novel strategy of assembling frequency-dependent surface-wave traveltime data from three dif-
ferent methods in order to maximize the amount of good-quality data for a larger range of frequencies. The
two main criteria for assessing data quality were signal-to-noise ratio and stability of the dispersion curve
with frequency. Surface-wave data were obtained via (1) ambient noise cross-correlation between station
pairs in the local array (Figure 1b), (2) regional earthquake coda correlation between local station pairs
(Figure 3a), and (3) differential dispersion from ambient noise cross-correlation of data from remote stations
with stations in the local array (Figure 3b).

Method 1 has emerged as a standard technique for imaging Vg structure with continuously recorded data
from seismic arrays (Campillo et al., 2011). It works best with a reasonably uniform directional distribution
of noise sources. Method 2 can be effective when the noise source distribution is nonideal, because coda
waves arise from random scattering effects and thus typically propagate in all directions (Campillo &
Paul, 2003). These two methods yield group velocity measurements extracted from the cross-correlation
functions between local stations. The symmetrical component (the average of the negative time and positive
time parts, as in Bensen et al., 2007) is filtered with a series of Gaussian narrow band-pass filters, and then
the arrival time is picked on the envelope of the filtered trace at the arrival time of maximum energy. This
process is known as multiple-filter analysis or frequency-time analysis (Feng & Teng, 1983). Some examples
are shown in supporting information Figure S2.

Method 3 is a hybrid of the standard two-station method for surface-wave dispersion measurement from
earthquakes with the ambient noise approach, comparable with that of Yang (2014). A remote station serves
as a “virtual earthquake,” and the difference in the dispersion measured with frequency-time analysis at two
stations within the local array yields an estimate of the dispersion between the two local stations. We restrict
the difference in azimuth to the remote station to be less than 10° and correct for the off-great-circle effect on
distance (see supporting information Figure S3). The error introduced by this approximation is only a few
percent at most (Yao et al., 2006). For quality control, we only include data from station pairs that have
cross-correlation functions with a correlation coefficient of 0.7 or higher. An example of the move-out of
the Rayleigh wave across the array that is observable in the cross-correlation functions is shown in
Figure 3c. This method measures phase velocity and can reach lower frequencies (longer wavelengths)
due to the longer propagation path between the remote stations and the local array. This allows for the reso-
lution of structure to greater depths than does either of the other two methods.

WESPESTAD ET AL.
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Figure 3. (a) Map of earthquakes (colored circles) used for the coda correlation analysis. Laguna del Maule (LdM) is the blue triangle. Circles are at 5° epicentral
distance intervals. Circle size corresponds to moment magnitude of the earthquakes, ranging from 4.5 to 6.3. (b) Map of stations used for the remote station-noise
correlation method. (c) Example of move-out of cross-correlation functions as a function of distance of the array stations from remote station ARA. The dashed
line indicates a velocity of 3 km/s.

Each method produces usable results for a certain frequency band: method 1, local-local noise, for 0.23—-
0.39 Hz; method 2, regional earthquake coda, for 0.23-0.31 Hz; and method 3, remote-local noise, for
0.09-0.21 Hz. By capitalizing on the use of both ambient noise and coda correlation data, we nearly doubled
the number of usable station-to-station paths for our tomographic inversions compared with using method
1 alone.

After the group or phase traveltimes between station pairs are obtained for a range of frequencies from the
correlation results, a standard two-step approach is used to obtain a 3D Vg model from the dispersion results:
(1) inversion for two-dimensional (2D) group and phase velocity maps followed by (2) cell-by-cell inversions
for Vg versus depth below surface (Bensen et al., 2007; Masterlark et al., 2010), which in this case is at an
average of approximately 2,500 m above the WGS84 ellipsoid.

The group and/or phase velocity inversions for the 2D maps at different frequencies were carried out using
the simul2000 algorithm (Thurber & Eberhart-Phillps, 1999). Although developed originally for 3D local
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Figure 4. Checkerboard test results for representative frequencies. (a) 0.39 Hz. (b) 0.35 Hz. (¢) 0.31 Hz. (d) 0.27 Hz. (e) 0.23 Hz. (f) Color scale for (a)-(e).

earthquake tomography, it readily handles data for fixed source locations, in this case, one station of the pair,
the virtual source. It can also solve for 2D models, in this case velocity as a function of the two horizontal
coordinates. The simul2000 code employs pseudo-bending ray tracing in 2D (Um & Thurber, 1987) and
solves the inversion using iterative damped least squares with a full matrix inversion. The latter allows for
the direct computation of the model resolution and model covariance matrices (Aster et al., 2012). A
detailed trade-off analysis was carried out to select an appropriate parameter value. Damping values at
factors of 2 between 2.5 and 160 were tested, with a value of 20 providing a good data fit, acceptable
model resolution, and good recovery of checkerboard anomalies. The checkerboard tests are shown in
Figure 4, and maps showing the diagonal element of the model resolution matrix for each node are
provided (supporting information Figure S5) to complement the checkerboard tests. Variance reduction
from the inversions is typically about 50%, with the final variance averaging about 0.4 s>. An area of low
velocity along the southwest side of the lake is evident in the resulting group and phase velocity
maps (Figure 5).

We next use the frequency-dependent Rayleigh wave group and phase velocities at each node of the velocity
maps to invert for local one-dimensional (1D) Vg models. Example 1D inversions are shown in supporting
information Figure S4. The 1D models are then combined to produce the 3D Vg model. A map (at 4-km
depth), cross sections, and perspective view of our 3D Vg model down to 11-km depth (relative to the average
surface elevation) are shown in Figure 6. The principal anomaly is a zone of low Vg along the western
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Figure 5. Representative (a—f) group and (g, h) phase velocity maps from our three-method analysis. Velocity values in km/s. (i) Color legend for (a)-(h).

perimeter of the lake, which is elongated in the northeast-southwest direction, dips steeply to the west, and
has a roughly ellipsoidal shape.

4. Discussion
4.1. Estimation of Melt Fraction and Melt Volume
There is no consensus on the best method for inferring the size of a magma reservoir or its melt percentage

from a low-velocity body in a Vg model (e.g., Lees, 2007; Magee et al., 2018) or from the other geophysical
techniques discussed here. We use the depth range of the zone of reduced velocity at each latitude-
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Figure 5. (continued)

longitude node point to represent the low-velocity body. We define the top by a change in the vertical
velocity gradient from increasing with depth to decreasing with depth and the bottom by reaching the
same velocity as at the top or reaching the depth where resolution is inadequate (supporting information
Figure S7). This yields a volume estimate of ~450 km>. Compared with average velocities of the
surrounding material, this body has an average of a 12% (0.3-0.4 km/s) reduction in Vg and a maximum
reduction of 28% (0.8 km/s) near its center.
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Figure 6. (a) Map of 4-km-depth slice, (b) north-south cross section, (c) west-east cross-section, and (d) perspective view
(from the southwest) of the three-dimensional Vg structure beneath Laguna del Maule. Depths are relative to average
surface elevation (~2,500 m).

We estimated percent melt using the approach of Flinders and Shen (2017), assuming that every reduction of
0.07 km/s in Vg from surrounding velocities corresponds to 1% melt. We obtained an average melt percen-
tage of approximately 5%, corresponding to ~23 km? of melt. These results are similar in estimated reservoir
volume, percent melt, and melt volume to the results for Mount St. Helens (Flinders & Shen, 2017) and are
about two-thirds the melt volume estimated from the LdM gravity study (Miller, Williams-Jones, et al.,
2017). A second estimate using an analytical relationship (Watanabe, 1993) yields the same average melt per-
cent value. For the maximum —28% Vg anomaly, the melt percentage estimate is 11%. However, we recog-
nize that the accuracy of such estimates is hindered by the tendency for tomographic inversions to smear
out features and underestimate the amplitude of low-velocity anomalies due to imperfect resolution. The
true volume of the low-Vg body is likely somewhat smaller and the true average melt percentage somewhat
higher than our estimated average values. Furthermore, melt is likely concentrated in domains that are well
below the resolution capability of our tomographic imaging, so that locally, melt percentage can be much
higher than our average estimate. Based on calculated model resolution and uncertainty, the checkerboard
tests, and surface-wave depth sensitivity kernels, features with dimensions smaller than ~6 km horizontally
and ~3 km vertically or Vg perturbations less than ~0.1 km/s would not be adequately resolved with the
available data.

4.2. Comparison With Existing Geophysical Observations

When integrating geophysical observations, it is critical to recognize the uncertainties and nonuniqueness of
each model and the different physical parameters to which each is sensitive. In Figure 7 we compare the
locations of the Vg, resistivity, and density anomalies on a cross section along the southwest edge of the
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Figure 7. Comparison of (a) elliptical approximation to the low-Vg anomaly to the (b) resistivity and (c) density anomalies
on (d) profile AA’ along the southwest edge of the lake. In (a)-(c), the black bar indicates where the profile crosses the

lake, the red star indicates the center of inflation, and the intersection of the modeled sill (Feigl et al., 2014) with the cross
sections is indicated by the dipping dashed line. Depths are relative to average surface elevation. No vertical exaggeration.

lake, through the center of uplift. The location of the low-Vg body and its NE-SW elongation agree
reasonably well with the surface deformation pattern observed via InSAR (Figure 2) and supported by
GNSS geodesy (Feigl et al., 2014; Le Mével et al., 2015, 2016). The estimated depth for the inflation source
of about 5 km below surface (Feigl et al., 2014; Le Mével et al., 2015, 2016) corresponds to the middle of
the depth range of the low-Vg body. The location and depth of the 115-km> low-density zone (supporting
information Figure Sla; Miller, Williams-Jones, et al., 2017) overlap those of our low-Vgs body, and both
possess a similar NE-SW elongation. The centers of the low-Vg and density anomalies are offset by about
4 km, which is close to the 3-km horizontal node spacing of the tomography model. The center of
deformation lies between the centers of the low-Vg and low-density anomalies (Figure 7c). Both the Vg
and density models are nonunique, so the two anomalies might coincide in reality. We note, however,
that shifting the tomography grid by 1.5 km (half the node spacing) in either direction does not alter the
position of the low-Vg body. The differences between these models may also reflect subsurface conditions.
Gravity is more sensitive to small, melt-rich domains but less so to the lowest melt fraction magma for
which the density will approach that of the shallow country rock. Thus, we conclude the low-Vg and
density anomalies reflect the same crystal-rich mush reservoir associated with the center of deformation.
The apparent discrepancies in the location and volume of these features may reflect the distribution of
melt within the reservoir.

In contrast, the most prominent features identified by the MT survey at LdM (Cordell et al., 2018) are not

located near the center of deformation. The inversion of MT data yields a 3D resistivity model with two rela-
tively thin low-resistivity zones beneath portions of the lake (C1 ~100 m thick starting ~100 m below surface

WESPESTAD ET AL.

10



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016485

and C2 ~1 km thick at ~1.1 km below surface) underlain by a zone of moderate resistivity, and a deeper,
much larger low-resistivity body north-northwest of the lake (C3; Figures 7a, S1b, and S1c). The shallow con-
ductors (C1 and C2; Figure 7a) partially overlap the locations of the Vg and gravity anomalies but neither C1
nor C2 is interpreted as melt bearing by Cordell et al. (2018). Thus, a low-resistivity body associated with the
magma reservoir inferred from the Vg and density models is not observed.

The largest feature of the resistivity model that is within the lake basin (C3, supporting information Figure
S1c) extends northward from the lake and is centered at about 6-km depth (below surface). Although itisata
somewhat similar depth range (1 to 5 km below surface) to that of the low-density and low-Vg bodies, its cen-
ter is situated ~10 km to the north, with some overlap at its southeastern, upper tip.

The fact that MT does not image a conductor in the same location as the seismic anomaly could potentially be
explained by the fact that the estimated average melt fraction of the seismic anomaly is relatively low (~5%).
A rhyodacitic crystal mush that contains 5% interstitial rhyolitic melt with 4-5 wt% H,O stored at low pres-
sure and 750-800 °C, conditions consistent with mineral thermobarometry and thermodynamic modeling by
Andersen, Singer, et al. (2017) and Andersen et al. (2018), would have a resistivity of 30-80 Q-m for a well-
connected melt (Cordell et al., 2018; Glover et al., 2000; Guo et al., 2016). However, given that a 5% melt frac-
tion is below the melt connectivity transition (Rosenberg & Handy, 2005), the resistivity of the mush could be
closer to 100 Q-m (Glover et al., 2000). The region of the MT resistivity model that aligns with the low-Vg
anomaly between 2- and 5-km depths has a resistivity of 80-100 Q-m, which is in good agreement with
the above estimates for a magma that comprises 95% crystals and 5% interstitial rhyolitic melt (Figure 7b).

Neither the density nor Vg model show anomalies consistent with the C3 and C4 conductors to the north of
the lake, although there is some overlap between C3 and the low-Vg body (supporting information Figure
S1c). The northern perimeter of the LdM basin is underlain by the 990-ka Bobadilla Caldera, a major locus
of magmatism and crustal fracturing that preceded the postglacial rhyolitic system. Moreover, unlike that in
the southwest, the northwestern portion of the lake basin is penetrated by many northeast trending faults
and mafic dikes, as well as late Pleistocene basaltic andesitic and andesitic vents (Hildreth et al., 2010) that
may reflect conduits tapping the deeper portion of the larger transcrustal magma system imaged as C3 and
C4 using MT (Figure 7). The C4 anomaly lies primarily outside the seismic and gravity model domains and is
likely not able to be imaged with the current arrays. The lack of a low-density anomaly associated with C3
indicates this features has a density close to 2,400 kg/m?, the reference density used by Miller, Williams-
Jones, et al. (2017) to interpret the gravity data. Cordell et al. (2018) interpret C3 as intermediate to silicic
magma with associated hydrothermal fluid. The absence of a low-Vg anomaly colocated with C3 may be
due to reduced seismic resolution at depth to the north. Another possibility is that C3 primarily reflects
highly conductive brine lenses (Afanasyev et al., 2018), which would significantly lower the bulk resistivity
while having a relatively small impact on the bulk seismic velocity.

The 30-km?>, very low density (1,800-1,900 kg/ m?®) feature interpreted by Miller, Williams-Jones, et al. (2017)
as crystal-poor rhyolite and exsolved fluid may be too small to be resolved by the Vg model. In an attempt to
reconcile the density anomaly with the MT results, sensitivity testing by Cordell et al. (2018) indicated that a
melt-rich body below the center of deformation would need to be at least 30% smaller and/or lower melt frac-
tion (e.g., <50% melt) than proposed by Miller, Williams-Jones, et al. (2017) to remain undetected by MT.
Nevertheless, this feature of the density model suggests the presence of high-melt-fraction domains and thus
a heterogeneous distribution of melt within the otherwise crystal-rich reservoir defined by the low-
Vs anomaly.

Future seismic-gravity and seismic-MT joint inversions may help resolve the spatial offsets in these models
and further elucidate possible gradients in the physical and compositional characteristics of the magma sys-
tem. Jointly inverting all three data types directly is currently not feasible, but a sequential, structurally con-
strained inversion approach using the cross-product of the spatial gradients of the models (Gao & Zhang,
2018) might be successful.

4.3. Comparison With Petrologic Models

Geologic, petrologic, geochronologic, and geomorphic findings at LdAM have contributed to a model of a
voluminous, crystal-rich magma reservoir that has grown and persisted beneath the LdM lake basin for at
least 60 kyr (Andersen et al., 2019; Andersen, Singer, et al., 2017; Hildreth et al., 2010; Singer et al., 2014).
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Figure 8. Cut-away schematic diagram of a model for the structure of the magmatic system beneath Laguna del Maule
(LdM), viewed from the southeast, synthesizing the petrologic studies at LAM. A zone of low density and high melt frac-
tion is embedded within a large crystal mush zone, consistent with that imaged by the surface-wave tomography. The
configuration of the modern magma reservoir derived from the Vi, resistivity, and density models is consistent with that
inferred from the petrologic studies. Consequently, the processes that catalyzed the recent rhyolite eruptions at LdM
likely continue to this day. LdM and nearby lakes are in blue, the most recent lava flows and associated vents are in dark
pink, and some older lava flows are in light pink. Vertical dark pink lines schematically indicate hypothetical magma
conduits. Five times vertical exaggeration. From Andersen et al. (2018).

Much of this reservoir persisted in a near-solidus state. However, repeated intrusion of magma ascending
from the deep crust during postglacial times has heated the reservoir from below. These additions of heat
and volatiles to the crystal-rich reservoir thermally buffered bodies of higher-melt-fraction mush (30-50%
melt) and contributed to the segregation of discrete, modest-volume, eruptible rhyolitic magma bodies
(Andersen et al., 2018, 2019). The residence time of rhyolite erupted during the late Holocene, derived
from diffusion chronometry of trace element zoning in feldspars, favors a timescale of extraction to
eruption of rhyolitic melt on the order of decades to centuries and suggests its in situ volumes did not
substantially exceed the erupted volumes, <3 km?® (Figure 8; Andersen et al., 2018).

The geophysical data collected to date are consistent with a magma system that conforms to these petrologic
interpretations. The ~450-km> low-Vg body reflects a near-solidus magma reservoir. The low-density, high-
melt-fraction domain identified in the Bouguer gravity inversion likely reflects a body of less crystallized
mush, a thin bubble-rich melt layer, and possibly eruptible magma (>50% melt; Marsh, 2015; Miller,
Williams-Jones, et al., 2017; Parmigiani et al., 2016; Andersen et al., 2018). Thus, taken together, the seismic,
gravity, and MT observations suggest that the processes that have catalyzed rhyolitic eruptions at LdM since
the late Pleistocene remain active to this day.

5. Conclusions

Surface-wave tomography has identified a 450-km® low-Vg domain that is consistent with a crystal-rich
magma reservoir residing beneath LdM. The interpretation of the Vg model—in light of the existing
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gravity, MT, and geodetic observations—reveals a shallow reservoir with local heterogeneities in melt
content that is fed by a deeper magma system to the north. Although some discrepancies among the geo-
physical models persist, together they yield a more nuanced perspective of the magma system than any
individual method alone. Future joint inversions of the seismic, gravity, and MT data will aim to refine
this picture. The low-Vg body is approximately coincident with the current center of decade-long inflation
at >20 cm/year and is only a few kilometers north of the vent for the Nieblas rhyolite flow (Figure 1a)
that is likely the most recent eruptive product and is the largest single lava flow (~1.2 km?) in the basin
(Hildreth et al., 2010). The similarity of the petrologic and geophysical models of the LdM magma system
suggests a future eruption of similar style and magnitude to the recent rhyolites is likely. Explosive erup-
tion of even a small fraction of the estimated melt distributed within the low-Vg body, for example 10%,
~2 km®, would produce an eruption similar to the Nieblas event that would have a major impact on the
surrounding region (Fierstein, 2018). Eruption of the entirety of the modeled melt volume, 23 km?, would
have a much more substantial damage potential. Continuous seismic and geodetic monitoring of LdM is a
priority of Chile's national volcano observatory and is essential to forecasting this hazard.
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