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S U M M A R Y
Unrest at Long Valley caldera (California) during the past few decades has been attributed to
the ascent of hydrothermal fluids or magma recharge. The difference is critical for assessing
volcanic hazard. To better constrain subsurface structures in the upper crust and to help
distinguish between these two competing hypotheses for the origin of unrest, we model the 3-
D seismic attenuation structure because attenuation is particularly sensitive to the presence of
melt. We analyse more than 47 000 vertical component waveforms recorded from January 2000
through November 2016 obtained from the Northern California Earthquake Data Center. We
then inverted the S-to-coda energy ratios using the coda normalization method and obtained
an average Q of 250. Low attenuation anomalies are imaged in the fluid-rich western and
eastern areas of the caldera, one of which corresponds to the location of an earthquake swarm
that occurred in 2014. From a comparison with other geophysical images (magnetotellurics,
seismic tomography) we attribute the high attenuation anomalies to hydrothermal systems.
Average to high attenuation values are also observed at Mammoth Mountain (southwest of the
caldera), and may also have a hydrothermal origin. A large high attenuation anomaly within
the caldera extends from the surface to the depths we can resolve at 9 km. Shallow rocks here
are cold and this is where earthquakes occur. Together, these observations imply that the high
attenuation region is not imaging a large magma body at shallow depths nor do we image
any isolated high attenuation bodies in the upper ≈8 km that would be clear-cut evidence for
partially molten bodies such as sills or other magma bodies.
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1 I N T RO D U C T I O N

An improved interpretation of unrest at volcanoes requires that we
identify the presence of, and changes in, the location, geometry and
size of possible magma bodies and pathways (Cashman & Giordano
2014). Joint interpretation of different geophysical parameters is one
of the best approaches to characterize subsurface structures because
different measurements have different sensitivities to physical and
geometric properties of magma bodies. Seismic attenuation can be
particularly sensitive to the presence of melt. Seismic attenuation
models of volcanic systems thus complement other geophysical im-
ages such as those obtained from seismic tomography, deformation
or resistivity. At Campi Flegrei caldera, Italy, for example, seis-
mic attenuation models (De Siena et al. 2017a, b) have been used
to infer that earthquake swarms along with uplift and subsidence
(e.g. Chiodini et al. 2016, 2017) are produced by the migration and
accumulation of hot fluids.

Long Valley caldera (Fig. 1), an ellipsoidal caldera located in
eastern California, hosted eruptions both inside and outside the
structural caldera. Recent unrest at Long Valley caldera began in
1978 with the uplift (≈83 cm, Montgomery-Brown et al. 2015) of
the resurgent dome (Rundle & Hill 1988), four M ≈ 6 earthquakes
in 1980 (Taylor & Bryant 1980) and numerous earthquake swarms
including a major swarm in 1983 and a large, extended-duration
swarm in 1997–1998 (Prejean et al. 2002; Hill et al. 2003). The most
recent earthquake swarm was reported in 2014 (Shelly et al. 2015a).
It was the largest swarm in the caldera since the 1997–1998 swarm
and was located beneath the southeast edge of the resurgent dome.
All of these swarms were accompanied by rapid uplift of the central
resurgent dome (e.g. the 1997–1998 swarm was accompanied by
more than 20 cm of uplift) and no significant subsidence has been
documented (Langbein 2003; Hill 2006; Montgomery-Brown et al.
2015). A key question is whether the unrest has a hydrothermal
origin or results from magma intrusion.
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1678 J. Prudencio and M. Manga

Figure 1. (a) Topographic map of Long Valley Caldera. The erosional rim of the caldera is marked with a thick black line. Earthquakes used in the analysis
are also shown as coloured circles, each corresponding to different depths. White triangles are the stations used in the analysis (25 stations). The red star with
its label (71748030) and two red triangles labelled MLM and MMLB correspond to the earthquake and two stations, respectively, of the waveform examples
on the right. The box in the inset map shows the location of Long Valley Caldera in California. (b) Vertical record of earthquake 71748030 recorded at station
MMLB. S window and coda window lengths used in the analysis are represented with red colour. Below, Signal spectrum is plotted with blue colour and
obtained by analysing 1-s time window after P-wave arrival time and noise spectrum is plotted with a red line, and it corresponds to 1-s time window 5 s before
P-wave arrival time. (c) Same as b but for MLM station. HSF, Hartely Spring Fault; HCF, Hilton Creek Fault.

Geological and geophysical studies at Long Valley highlight the
challenge in unambiguously relating ongoing unrest to subsurface
magma bodies. A variety of geophysical studies suggest that melt is
present today. A host of seismic images have been produced over the
past three decades (e.g. Dawson et al. 1990; Romero Jr. et al. 1993;
Weiland et al. 1995; Foulger et al. 2003; Seccia et al. 2011; Lin
2015; Flinders et al. 2018; Schmandt et al. 2019). These generally
infer the presence of melt in the mid to lower crust. Flinders et al.
(2018), for example, identify low velocity anomalies that can be
explained by (possibly very large volumes of) partial melt. Radial
seismic anisotropy and low velocities also favor the presence of melt
at depths of ≈5–18 km (Jiang et al. 2018). Seismic reflections from a
depth of ≈8 km may also be mapping the top of a magma reservoir
(Nakata & Shelly 2018). Magnetotelluric images do not identify
resistivity anomalies at more shallow depths that could be attributed
to partial melt (Peacock et al. 2016). To quote Flinders et al. (2018),
however, ‘we cannot discriminate between magmatic intrusion and
mobilization of exsolved fluids as the driver of recent uplift at Long
Valley, but we can conclude the mid-crustal reservoir is still melt-
rich’. Models for inflation based on microgravity and geodetic data
add the dimension of time and can connect uplift to the source of
deformation and, hence, anomalies in geophysical images. Because
the inferred depth of deformation sources is similar to depths at
which magma might exist or accumulate, several geodetic studies
have attributed the uplift to magma intrusion (e.g. Battaglia et al.
2003a, b; Langbein 2003; Newman et al. 2006; Feng & Newman
2009; Montgomery-Brown et al. 2015).

The geological record reviewed by Hildreth (2017), in contrast,
shows that the most recent volcanic activity has been outside the

caldera along a north–south trending zone that includes Mammoth
Mountain (200–500 ka), Mono-Inyo craters (35–0.6 ka) and Mono
Lake (250 years old). Thus, based on the geophysical and geological
data, two very different processes have been invoked to explain the
inflation of the resurgent dome: magmatic injection (e.g. Smith &
Bailey 1968; Battaglia et al. 2003b; Langbein 2003; Montgomery-
Brown et al. 2015) or ascending low-viscosity aqueous fluids (e.g.
Hurwitz et al. 2007; Hutnak et al. 2009; Hildreth 2017).

The goal of this study is to create a 3-D model of seismic attenua-
tion beneath Long Valley caldera to search for anomalies that could
be attributed to either magmatic or hydrothermal systems within the
upper ≈10 km of the crust. As the images are snapshots of Earth
properties, we are not able to address temporal changes. We can,
however, search for spatial anomalies that could be the magmatic
or hydrothermal sources of deformation.

2 DATA A N D M E T H O D

2.1 Coda normalization method

The coda normalization (CN) method measures the ratio between
direct- and coda-waves energy in a given time interval:

ln

(
AD

i j ( fc)

AC
i j ( fc, tc)

· ri j

)
= K ( fc, tc) − π f

∫
ri j

dl

v(l)Q(l)
, (1)

where Q−1 is the attenuation, AD
i j and AC

i j are the energies of S
and coda expressed as spectral amplitudes, rij is the total length
of the ijth ray, K(fc, tc) is a constant for each frequency depending

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/220/3/1677/5650518 by U

niv of C
alifornia Library - Bioscience & N

atural R
es Library user on 11 April 2020



3-D seismic attenuation structure of Long Valley caldera 1679

on the average properties of the medium, v(l) is the velocity of the
medium measured along the ray path, fc corresponds to the central
frequency and tc is the lapse-time. More details on the application
of CN method can be found in Del Pezzo et al. (2006). The CN
method (Del Pezzo et al. 2006) is based on the phenomenological
properties of the coda as expressed by Aki (1980), who calculated
the coda energy as a function of the average medium properties.
The CN method assumes the validity of the single scattering model
for simplicity and that radiation pattern effects are strongly reduced
(see the demonstration by Del Pezzo et al. 2006) and broadly applied
in both tectonic and volcanic regions (e.g. Bianco et al. 1999, 2005;
Tuvé et al. 2006; Badi et al. 2009). The inversion scheme calculates
the attenuation factor averaged over the whole volume under study
and the corresponding geometrical spreading. These parameters
are obtained by a simple least square approach assuming an average
velocity. It is possible to study the potential influence of single
path coda-Q value using each source–station pair. However, it is
well-known that coda-Q values are only reliable when they average
thousands of pair estimations. In a second step, model parameters
are obtained as variations of the inverse quality factors with the
average quality factor in the blocks of the defined grid. Hence,
keeping the geometrical spreading constant, it is assumed that the
quality factors are a measurement of both intrinsic and scattering
effects. It is thus worthwhile to compare total-Q values with the 2-D
attenuation maps obtained previously by Prudencio et al. (2018).

2.2 Velocity model and ray tracing

The CN method calculates the inverse total quality factors along
the source–station ray path and, hence, to estimate those ray paths,
a 3-D seismic velocity model is needed. For the present inversion,
we use the velocity model obtained by Lin (2015) to trace rays de-
rived from the seismic velocity tomography of the region using the
same data set. Lin (2015) used a data set consisting of 181 809 local
earthquakes recorded between 1984 and 2014 by the Northern Cal-
ifornia Earthquake Data Center (NCEDC 2014). The final inverted
data set consisted of 52 230 P and 15 737 S picks. P- and S-wave
traveltimes were inverted using the simul2000 algorithm (Thurber
1983). The velocity model has a set of nodes whose distance de-
pends on ray density and covers a surface area of 60 x 60 km2. The
node spacing is set at 2 km in horizontal and vertical directions, and
a continuous velocity distribution, required for the ray tracing, is
calculated by linear interpolation. We applied the Thurber-modified
ray-bending approach, as implemented by De Siena et al. (2010) to
the 3-D velocity model from Lin (2015). This method has been suc-
cessfully applied in strong velocity contrast regions like volcanoes.
From the surface to a 10 km depth, the ray density (Fig. 2) confirms
the applicability of attenuation tomography between these depths
(depths reported relative to sea level). Although our earthquake data
set comprises data from the surface to a 10 km depth, we do not
interpret below 9 km depth, as the Lin (2015) model is well resolved
from surface to 4 km (b.s.l.) for the whole area and to 9 km (b.s.l.)
for the southern part of the caldera.

2.3 S-wave attenuation tomography

We analysed vertical-component seismic recordings of 3694 local
earthquakes (M ≥ 1.5) from the beginning of January 2000 through
the end of November 2016 obtained from the Northern Califor-
nia Earthquake Data Center (NCEDC 2014) and with focal depths
shallower than 10 km. The first data set included a total of 73 sites

Figure 2. Surface projection of ray density for Long Valley caldera. The
highest density grids are crossed by ≥1500 seismic rays. Lower-density cells
are crossed by ≥5 seismic rays. White areas are those with less than five rays
(or no rays). The colour bar used in the map views is the same as for depth
sections. Contour lines at 100 m intervals show the land surface elevation.

with short-period geophones and broadband sensors which were
corrected for instrument responses and a 0.5 Hz high-pass filter
was applied to minimize microseism noise. In this study we used
the data set used to obtain 2-D intrinsic and scattering attenuation
structure by Prudencio et al. (2018) consisting of 8628 waveforms
registered at 25 stations (Fig. 1a). The data set obtained by Pru-
dencio et al. (2018) contain all the waveforms with signal-to-noise
higher than 2 at 6 Hz (central frequency), and the rest were rejected.
We plot two vertical records produced by an earthquake located in
the SSW of the caldera at a depth of 2.5 km (event 71748030 oc-
curred on 2012/03/15 04:55:54.35) and registered by stations MLM
and MMLB (Figs 1b and c) with all processing as described. We
inverted the S-to-coda energy ratios using the MURAT code in a
single-step inversion (De Siena et al. 2014a). The estimation of un-
certainties, smoothing parameter and a stability test can be found
in Appendix A. We set the start time of the coda window at 15 s
after the S-wave arrival. We use 1.5 and 3 s windows for S and
coda windows (Figs 1b and c). We obtained an average Q of 250
by the inversion of energy ratios. According to resolution tests in
Appendix B (Figs B1 and B2), the optimum size of the node spacing
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1680 J. Prudencio and M. Manga

Figure 3. Six horizontal sections through the attenuation tomography model. The colour scale shows the variations of the attenuation model with respect to
the average quality factor. The high and low attenuation anomalies discussed in the text are shown.

for inversion is 4.5 × 4.5 × 2 km. Figs 3 and 4 show the variations
with respect to the inverse of the average quality factor in the 3-D
space (�Q−1 in per cent).

3 R E S U LT S A N D D I S C U S S I O N S

Explaining the relationship between seismic attenuation values and
rock properties is still a complex and often ambiguous task. Low
velocity and high attenuation do not always mean the presence of
melt beneath volcanoes: fluids, gases, faults and more generally,
unconsolidated and heavily fractured materials can also produce
high attenuation (and low velocity). With the goal of reaching the
most realistic model, we interpret our images together with other
geophysical studies such as velocity and conductivity models, as
well as 2-D attenuation maps obtained by Prudencio et al. (2018).

3.1 Q values in Long Valley

The inversion of energy ratios provides an average Q of 250 for
Long Valley caldera. As observed in other volcanic regions (e.g.
De Siena et al. 2014b; Prudencio et al. 2015b) this value is lower
than the mean value estimated for Earth’s crust (Sato et al. 2012).
The average total-Q, however, is higher than at other volcanic re-
gions, such as Tenerife (Q = 125, Prudencio et al. 2015b), Mt
Etna (Q = 75, Martı́nez-Arevalo et al. 2005) and Deception island
(Q = 29, Prudencio et al. 2015a). A possible explanation for this

difference could be the influence of the crystalline basement rocks,
which are characterized by very high Q values.

In Fig. 3 we plot six horizontal slices obtained from 1 km above
sea level to an 11 km depth and in Fig. 4 we include eight verti-
cal sections. Fig. 5 is a 3-D view of the main structures identified
below the caldera. From Figs 3 and 4 we observe high attenuation
at all depths below the resurgent dome. This structure coincides
with that imaged by Eberhart-Phillips (2016) using local earth-
quakes in northern California. She further inferred two different
partial melt features below Long Valley caldera at ≈3 and ≈15 km
depth. The shallowest structure occurs at 1–4 km below the caldera
and shows Qs < 100 at 1 km depth. Prudencio et al. (2018) im-
aged a low-intrinsic and low-scattering attenuation anomaly in the
centre-south of the caldera and a high-intrinsic and high-scattering
body corresponding to the location of the 2014 earthquake swarm.
Although similar, there are limitations to our ability to compare
our 3-D attenuation images with previous attenuation studies. The
Eberhart-Phillips (2016) models are regional models for northern
California and therefore the resolution is not detailed enough to im-
age the structures under Long Valley caldera that we resolve. On the
other hand, the Prudencio et al. (2018) images have higher spatial
resolution but lack vertical resolution as the models are an average
over the first 3–5 km below the caldera and average all structures
up to those depths.

In the following, we will discuss and describe in detail those
anomalies we believe are the most relevant and those that we can
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3-D seismic attenuation structure of Long Valley caldera 1681

Figure 4. Same as Fig 3 but for 8 vertical slices. (C: caldera rim; RD:
resurgent dome; MM: Mammoth Mountain).

Figure 5. 3-D view of the attenuation model showing the best resolved
anomalies beneath Long Valley caldera. Isosurface values correspond to:
green: −0.006, light green: 0.003, yellow: 0.006 and orange: 0.013.

associate with other geological and geophysical features. These
anomalies are identified as L (low) and H (high) in Figs 3–5.

3.1.1 Attenuation structure below the resurgent dome

At shallow depths (from +1 to 1 km) there is a low attenuation
anomaly below the northern part of the resurgent dome (L3) that
extends from 1 km a.s.l. to 3 km b.s.l. The location of the anomaly
and its attenuation may be interpreted as a consolidated or cold
body and, hence, not related to an active hydrothermal system. This
anomaly was also imaged as low attenuation in Q−1

i and Q−1
s 2-D

models (Prudencio et al. 2018, an average of first 3–5 km). Lin
(2015) found this anomaly as low velocity between 2 km a.s.l and
sea level and as high velocity below sea level and high Vp/Vs ratio
between 2 km a.s.l and 2 km b.s.l and lower ratio below (<1.68).
Peacock et al. (2016) identified this body as a low conductivity
region and finally, Seccia et al. (2011) identified a shallow high
velocity anomaly from 1 to 5 km below the surface in the same
region. Except for the high Vp/Vs ratio, all the studies mentioned
above, suggest that the anomaly is not related to hot fluids. Sorey
et al. (1991) and Sackett et al. (1999) found a body ascribed to
hydrothermal clay and mineral alteration under resurgent dome. It
is possible that L3 is hydrothermally altered, where fractures have
been filled which decreases attenuation. On the other hand, although
the anomaly is recovered in the synthetic anomaly test, it has to be
interpreted with some caution as it is located at the edge of the
resolved model and there may be artefacts from border effects that
compromise the image.

Another medium-low attenuation anomaly can be observed east
of the resurgent dome (L5) at deeper depths (3–7 km). As with L3,
this anomaly may be interpreted as a consolidated or cold body and,
hence, not related to hot fluids. Prudencio et al. (2018) also found
medium-low Qi and very low Qs values. In the Lin (2015) model this
region appears as high velocity and medium-low Vp/Vs ratio, which
are consistent with cold rocks. Lucic et al. (2015) sampled soil gas
within Long Valley caldera and attributed the lack of hydrothermal
gas signatures in this region to a thick sedimentary and volcanic
fill keeping deep fluids from the shallow topographically forced
regional flows and may be the reason for the absence of hot fluids.
De Siena et al. (2017a) correlated a low attenuation body with the
location of repeated injection-induced seismicity at Campi Flegrei.
At Long Valley the L5 anomaly coincides with the location of 2014
earthquake swarm and the majority of seismic activity (Shelly et al.
2015b).

The most interesting anomaly, due to the open question about
the location of a (possible) magma body, is the high anomaly lo-
cated beneath the caldera. We observe a high attenuation anomaly
in the centre-south of the caldera, below the southern part of the
resurgent dome which extends to the depths resolved in our model
(H2). The attenuation behaviour of the region and its extent makes it
reasonable to invoke the existence of a large partial melt body (e.g.
Flinders et al. 2018; Jiang et al. 2018). On the other hand, a large
hydrothermal system (e.g. Peacock et al. 2016; Hildreth 2017) may
produce a similar anomaly. Seccia et al. (2011) found a ≈ 4 km thick
layer centred at ≈9 km depth, interpreted as partial melt. Nakata &
Shelly (2018) recognized waves that are reflected at the top of the
low-velocity body, which may be residual magma from the caldera-
forming eruption. They located the depth of the imaged magmatic
system roof around 8.2 km below the surface. High Vp/Vs is gen-
erally a good indicator of fluids or magma and interpreted together
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1682 J. Prudencio and M. Manga

with attenuation images, can help distinguish between hydrother-
mal or magmatic systems. Lin (2015) found high velocity anomalies
from 2 to 6 km and low Vp/Vs ratio which increases at greater depths
in the same region corresponding to suggested partial melt location.
Foulger et al. (2003) found low Vp anomalies beneath the southern
part of the resurgent dome but not characterized by a high Vp/Vs

ratio, which does not support the interpretation of partial melt em-
placement. Attenuation maps obtained by Prudencio et al. (2018),
which are an average of the first 3–5 km, present average Qi val-
ues but high Qs attenuation (intrinsic attenuation should be high in
partially molten rocks). Schmandt et al. (2019) summarizing previ-
ous imaging studies concluded that the strongest seismic evidence
for magma reservoirs beneath Long Valley is found at ≈5–15 km
depth and it has sharp edges and reduced velocity. Based on these
studies, at shallowest depths the anomaly may be related to post-
caldera fill (high attenuation and low Vp/Vs ratio). Unconsolidated
deposits and very fractured materials present a high attenuation
behaviour as observed in the first kilometre of volcanoclastic de-
posits at Deception Island by Prudencio et al. (2015a). At deeper
depths, it is difficult to ascribe this anomaly to only one factor.
Moreover, because our model does not extend more than 9 km deep
we can not confirm or reject that the anomaly can be related to
partial melt placed below 9 km. Given the lack of high intrinsic
attenuation or spatially distinct high attenuation anomalies, seismic
attenuation images do not identify partially molten bodies in the
upper ∼10 km.

3.1.2 Attenuation structure below Mammoth Mountain

The most prominent anomaly at shallowest depths (from +1 to
1 km) is located southwest of Mammonth Mountain, under Iron
Mountain (Fig. 1) and is characterized by low attenuation values
(L1). This anomaly was also imaged by Prudencio et al. (2018) with
average-low Q−1

i and very-low Q−1
s . Highly consolidated rocks of

the Sierran batholith would be the most simple explanation for this
anomaly.

At intermediate depths (from 3 to 7 km) the largest anomaly is
located west of Mammoth Mountain and it is the lowest attenuation
anomaly of the region (L4). Fig. 5 shows that this structure might
be linked to a shallower low attenuation anomaly (L2), located to
the north. Between L2 and L4, there is a smaller high attenua-
tion anomaly (H1), which is clearly shown in WE vertical section
(Fig. 3b, W-E1 and S-N1). It has an extent of 3–4 km (between 2 and
6 km depth). In 2-D attenuation maps presented by Prudencio et al.
(2018) there is no significant anomaly in the region, as the H1 re-
gion is represented by average-high Qi and low QS attenuation. This
region is characterized by low Vp and Vp/Vs at shallower depths and
average Vp and average-high Vp/Vs at deeper depths (Julian et al.
1998; Foulger et al. 2003; Lin 2013, 2015; Dawson et al. 2016).
Peacock et al. (2016) imaged a resistive body sandwiched by two
conductive bodies between 2 and 6 km depth, corresponding to the
location of the 2014 earthquake swarm beneath Mammonth Moun-
tain, however, this anomaly cannot be correlated with our anomaly
since H1 is located further west of Mammoth. The presence of small
low attenuation bodies embedded in high attenuation active volcanic
areas has been observed elsewhere, for example, Mt Etna Volcano
(Martı́nez-Arevalo et al. 2005). The common interpretation of the
attenuation structure of these paired anomalies is the presence of
old or cold magmatic intrusions that condition the ascent paths of
younger magma (Dı́az-Moreno et al. 2018, and references therein).
We interpret these high contrast anomalies as the product of older

volcanic structures from Mammoth Mountain and Mono-Inyo erup-
tions and more recent basalt injections. We are not able to image to
the depths with rapidly propagating seismicity that may track dyke
intrusions Hotovec-Ellis et al. (2018).

Recorded seismic signals and previous tomographic studies have
inferred a deeper partial melt body below Mammoth Mountain (Hill
1976; Foulger et al. 2003; Hill & Prejean 2005; Peacock et al. 2016;
Hildreth 2017; Hotovec-Ellis et al. 2018). As can be observed from
Fig. 4 W-E3 and S-N2 profiles, Mammoth Mountain is character-
ized by high attenuation between 4 and 10 km depth. Although we
find no unambiguous evidence for melt in the form of a very high
attenuation body directly below Mammoth Mountain, attenuation
images confirm the presence of an attenuating area which may be
related to hot rocks or presence of fluids.

4 C O N C LU S I O N S

In this study, we provide a 3-D attenuation model obtained with the
coda normalization method. We image a large and continuous high
attenuation anomaly below the southcentral part of the caldera and
the resurgent dome. We thus see no clear-cut evidence for partially
molten bodies or sills in the upper 8 km. Due to limited vertical
resolution, we can not reject or confirm the existence of a partial
melt body at greater depths.
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A P P E N D I X A : M u R AT C O D E : F I T T I N G ,
P I C A R D C O N D I T I O N A N D L - C U RV E

The estimate of the average quality factor is obtained by a least
square inversion of all data. In Fig. A1 the fit of the decrease of
coda normalized energies (cyan circles) with increasing travel time
(red dots) is plotted. The black dots correspond to uncertainties of
the fitting. It can be observed that uncertainties in our attenuation
model are relatively low. The MuRAT code De Siena et al. (2014a)
provides the Picard condition as a test of stability to compare the
singular values with the dot product of the columns of the matrix
spanning the data space and the data vector. When the dot products
decay to zero more quickly than the singular values, the Picard
condition is satisfied. Fig. A2 shows the Picard condition for the
inversion of Long Valley data. In our case we can see that the

Figure A2. Picard condition plot. Dots products are represented as black
line and singular values as red line. It can be observed that due to the faster
decay of dots products, we should not have instability due to small singular
values.

Figure A3. L-curve and selected smoothing parameter (α) selected for the
inversion.

dots products (black line) decay more quickly than singular values
(red line), which means that we should not have instabilities due
to small singular values. We also obtained the L-curve to estimate
the smoothing parameter (α) selected using the MuRAT code. In
Fig. A3 the obtained L-curve with the MuRAT code is presented.
All these plots are obtained with the MuRAT code, a free code
working in Matlab R2014bÂ C©, available at https://github.com/Luc
aDeSiena/MuRAT.

Figure A1. Fit of coda normalized energy ratios (cyan circles) with increasing travel time (red dots). The uncertainties of the fit are marked as black dots.
Average inverse quality factor 0.0043836±4.1971e−0.4 and geometrical spreading 0.01809±0.0151.
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Figure B1. Checkerboard tests for Long Valley Caldera. Outputs of the
checkerboard test are shown for seven horizontal and two vertical sections.
The vertical scale in vertical sections is enlarged for clarity. Contour lines
represent the elevation of the area every 100 m.

A P P E N D I X B : R E S O LU T I O N T E S T S

To check the resolution and stability of the results and robustness of
the algorithm, we performed checkerboard and synthetic anomaly
tests. The outputs of the checkerboard tests can be observed in
Fig. B1. We calculated synthetic S-to-coda energy ratios and we
added Gaussian random error with zero mean and three times the
standard deviation.

We calculated synthetic coda energy and added to these values a
Gaussian random error with zero mean and three times the standard
deviation equal to 20 per cent of the data value. Then, we inverted
the synthetic data using the blocks crossed by at least by five rays.
The node spacing is 4.5 km in horizontal and 2 km in vertical direc-
tions, starting at 2.2 km above sea level, and assigning Q equal to
100 or 1000. The checkerboard results are well resolved from 1 km
a.s.l. to 11 km b.s.l. The checkerboard test results depend on earth-
quake hypocentre locations and ray coverage. For the case of Long
valley caldera, at shallowest depths, better resolution is obtained for
the NW region, where most of the stations are located, while for
deepest depths the best resolution is obtained in the SW, coinciding
with earthquake hypocentre locations. Therefore, those anomalies
located close to our resolution limit must be interpreted carefully, as
border effect may occur. A spike test to check the effective recovery
of the highest and lowest anomalies (including the anomaly at the
centre of the caldera) is also performed and shown in Fig. B2. We ap-
plied the same procedure as for the checkerboard test. The obtained
results show that imposed anomalies (corresponding to anomalies
L3, L4, L5 and H2) are well reconstructed with the current data set
and ray coverage. The observed displacement of the anomalies is
related to the representation method rather the resolution, although
those anomalies located in the resolution limit, must be interpreted
carefully as for checkerboard test. Both, the checkerboard and syn-
thetic anomalies were created with the MuRAT code.
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Figure B2. Synthetic anomaly tests for Long Valley Caldera. Input (left-hand column) and outputs (right-hand column) of the spike test are shown. We imposed
L3, L4 and L5 low attenuation anomalies with Q−1 values equals to −0.05, −0.08 and −0.05, respectively. We also reproduced the high attenuation anomaly
at the centre of the caldera (H2) and assigned Q−1 = 0.06. Contour lines represent the elevation of the area every 100 m.
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