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Abstract The shallow magma system beneath Sierra Negra was imaged using attenuation tomographic
methods. The t* spectral decay method for P wave phases was used to highlight regions of high O;‘ which
suggest the presence of magma melt. High—O;1 anomalies ranging from 0.005 to 0.04 are concentrated
below the caldera from 0.5 to 10.5 km depths. Attenuation is sensitive to temperature and fluid presence;
thus, this high attenuation is interpreted as possible zones of magma accumulation. An imaged shallow
body is consistent with geodetic studies on caldera deformation that modeled a magma sill or flattopped
diapir of unknown thickness at ~1 km depth below sea level.

1. Introduction

Sierra Negra is one of the most active volcanoes in the Galdpagos Archipelago. It has a shallow, elliptical
caldera (7x 10 km) and a sinuous ridge formed from near-vertical faults that run roughly parallel to the eastern
and southern caldera [Reynolds et al., 1995; Jonsson et al., 2005]. On average, eruptions occur every 15 years
and produce 1-10° m3/yr basalt deposits [Reynolds et al., 1995]. Petrologic evidence suggests that magma
ponding occurs from 4 to 11 km replenished by a partially melted garnet source [Reynolds and Geist, 1995].
Deformation modeling indicates that episodic intrusions from a deep source pressurizes a flattopped magma
sill or diapir at ~1 km below sea level causing domed inflation, trapdoor faulting, and often magma extrusion
[Amelung et al., 2000; Jonsson et al., 2005; Yun et al., 2006; Chadwick et al., 2006; Geist et al., 2008]. Ongoing
inflation in conjunction with high caldera seismicity indicates that the shallow magma reservoir and deeper
source are persistent features. Despite the reservoir’s control on deformation, faulting, and eruptive behavior,
the shallow reservoir had not been imaged seismically prior to this study.

Body wave tomography identified a patchwork of high- and low-V,, anomalies beneath southern Isabela Island
[Tepp et al., 2014]. The results indicate a large low-V,, zone with volumetrically smaller, lower V, anomalies
within the larger body. This body is interpreted as a large crystal mush zone with low-percent melt beneath
and north of the caldera from 5.5 to 15 km depth. The V,, model was unable to image the shallow structure
< 3 km or to constrain any smaller bodies of high-percent melt that exist within the broader low-V, zone.
Other studies focus on deeper structures, such as the mantle plume and impedance boundaries beneath
Galdpagos [Villagomez et al., 2007; Gibson and Geist, 2010; Rychert et al., 2014; Villagomez et al., 2014].

In this study, attenuation tomography is used to better define the shallow magma system beneath Sierra
Negra’s caldera. Seismic attenuation is strongly dependent on temperature and fluid content [Kampfmann
and Berckhemer, 1985; Jackson, 1993] and is particularly useful in studying volcanic media where attenuation is
closely linked to the thermal state (e.g., magma accumulation, partial melt) and volcanic subsurface structure
(e.g., heterogeneities due to volcanoclastic deposit). The attenuation structure beneath Sierra Negra isimaged
with the spectral decay method. Despite difficulties in modeling and high scatter, this method has successfully
imaged attenuation structures in various volcanic media [e.g., De Siena et al., 2009, 2010; Koulakov et al., 2014;
Ohlendorfetal., 2014, Lin et al., 2015]. We interpret our Q;1 model in context of current V,, [Tepp et al., 2014]
and models of surface deformation [Amelung et al., 2000; Yun et al., 2006].

2. Data

We analyzed data from the 15 broadband seismic stations in the SIGNET array deployed on Isabela Island from
July 2009 to June 2011 shown in Figure 1 [Tepp et al., 2014]. Earthquakes were located with Rquake [Lees, 2015]
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using manually picked P and S wave
phase arrivals. A 30 x 30 km grid with
0.5 km spacing was selected for the
L inversion (black dashed rectangle in

Figure 1). Only the 8 stations and 309

of 1737 earthquakes within the grid
- were used. Poorly located earthquakes
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Figure 1. Map of southern Isabella Island and Sierra Negra caldera (white  The 3-D attenuation structure was de-
dashed ellipse) with SIGNET array stations shown in light gray triangles. termined using the spectral decay me-
BIaFk dashed rectangle outl!nes the grl.d k.)oundarles and th‘e region {n thod in which the attenuation operator,
which earthquakes and stations were limited. Earthquakes included in the . .

inversion are shown as large circles colored by depth. Stations GS12, GS13, t*, was estimated for each raypath by
and GS14 are labeled and correspond to the seismograms and spectra modeling the amplitude spectrum of
shown in Figure 2. The other stations located within the grid boundaries earthquake ground displacement. The
are used in the inversion but are not labeled. Inset map in top left corner observed spectrum is a convolution of
displays the Galdpagos Archipelago relative to South America.
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the earthquake source, path effects,
instrument response, and site response
as described by Scherbaum [1990]. Instrument response was removed prior to computing the amplitude dis-
placement spectra. Unusual variations observed in spectra for a single station and/or nearby stations would
suggest a local site response. Often this variation is observed as a bump in the amplitude spectra [Bennington
et al., 2008]. This behavior was not observed in the data; thus, site response was not included in the spectral
inversion.

The amplitude spectra were modeled as

A = Q‘)e—ﬂ]/ ()
(+(£)")
t=tF" 2

0

where f is the frequency, t* is the attenuation operator, a is the frequency dependence of attenuation, f, is the
source corner frequency, Q, is the low-frequency plateau amplitude, and y is the falloff of the displacement
spectra above f..When y =2 and n=1, the model is equivalent to the f2 Brune source model [Brune, 1970]. This
model is assumed for several earthquake source studies [e.g., Randall, 1973] and spectral decay attenuation
tomography [e.g., Scherbaum, 1990; Rietbrock, 2001; Eberhart-Phillips and Chadwick, 2002]. We assumed a
modification of the f2 model with n =2 [Boatwright, 1978; Abercrombie, 1995; Lindley and Archuleta, 1992]
which produces a sharper corner and better fits the spectra.

3.2. Spectral Modeling

Amplitude spectra were determined using the multitaper method for a 1 s time window around the P wave
arrival [Lees and Park, 1995]. Waveforms with a P-S arrival time difference <1 s were excluded to avoid con-
tamination from S wave energy. A noise spectrum was calculated from a 1 s time window selected prior to the
arrival. In order to ensure quality t* values, only spectra with SNR > 2.5 across a continuous frequency band
from 2 to 15 Hz were included.

The amplitude source spectra were modeled using equation (1). It is not possible to obtain a unique best fit
solution with the five free parameters: y, a, t*, f,, and Q,. Therefore, y and a were fixed, while initially, f,, t*,
and , were allowed to vary. This study corroborates previous findings that y =2 provides the best fit results
[e.g., Boatwright, 1978; Scherbaum, 1990; Lindley and Archuleta, 1992; Abercrombie, 1995; Eberhart-Phillips and
Chadwick, 2002].

Although laboratory studies determined that seismic attenuation is a frequency-dependent process which
could affect t* results [Bellis and Holtzman, 2014], tomography studies have conflicting results for a.
Previous studies suggested that —1 < « < 0 provides the best fit to the amplitude spectra [Hough et al., 1999;
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Figure 2. Examples of P wave seismograms and spectra of the same earthquake recorded at stations GS13, GS12, and
GS14. This earthquake occurred on 11 December 2009 just north of GS13. The dashed lines on the seismograms indicate
the selection window for the computation of the fast Fourier transform. P wave spectra, spectral fits, and noise spectra
are shown by solid, dashed, and dotted lines, respectively. t*, f., and residual RMS are shown in the bottom left corner of
each spectra plot.

Lindley and Archuleta, 1992; Sarker and Abers, 1998]. Other studies found that frequency-independent Q pro-
duces the best fit or an equivalent fit to frequency-dependent Q, in which case frequency-independent Q is
assumed for model simplicity [Scherbaum, 1990; Lees and Lindley, 1994; Rietbrock, 2001; De Lorenzo et al., 2010].
Due to these varying results, spectral modeling was repeated several times with « set to fixed values between
—1 and 1. Although attenuation results were similar for all &, resolution and recovery varied significantly due
to discrepancies in the amount of usable t* values. When a =—0.2, the mean residual RMS is minimized and
number of usable t* is maximized. Therefore, « =—0.2 was used for the final inversion.

The Levenberg-Marquardt method was used to model the amplitude spectra. Initially, t*, f., and Q, were
allowed to vary freely, but models showing extreme f, outliers were removed. When t* and f, are allowed to
vary freely, there is often a trade-off between the two parameters [Lees and Lindley, 1994]. Given f, is a source
parameter, f. should be the same for all raypaths from a single event. Initial modeling resulted in large fluctu-
ations in f, for all raypaths, with f. ranging from 2 to 15 Hz (Figure S1 in the supporting information). Thus, we
repeated the modeling with f. constrained to the mean f. for all raypaths of an event. The mean f, was itera-
tively solved by limiting f_. to within the mean +1 standard deviation of the previous f, until convergence to
a single solution. This modeling reduced the large fluctuations in f, (Figure S2). An example of the amplitude
spectrum and modeling results are depicted in Figure 2. The t* values obtained from the final modeling with
average f, were used for the attenuation inversion.

3.3. Q;‘ Inversion
The attenuation, Q~', can be determined from t* using

. 1
= Q'(x.y.2) - ——— - dr(x.y.2) (3)
/raypath Y v(x,y,2) Y

where v(x, y, ) is the 3-D velocity model. Equation (3) was used to obtain a Q~' model of P wave phases (O;‘)
for each a. The line integral was discretized into 0.5 X 0.5 km blocks at 0, 0.5, 3, 5.5, 8, 10.5, and 13 km depths
with respect to sea level where the attenuation is assumed constant in each block.

A 3-D velocity model already exists for V,, so we chose to use this model for v(x, y, z) in our inversion. In our
region of study, the V, model is well resolved below 3 km depth and has good resolution for small bodies
(~2.5 km dimensions) at 0.5-3 km [Tepp et al., 2014]. This model used larger grid spacing which needed to
be interpolated. The interpolation could introduce uncertainty, so we tested various interpolations as well
as newly derived models based on the limited raypaths in the smaller grid region. The minor differences in
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Figure 3. Model of (a) interpolated Vp derived from body wave tomography [Tepp et al., 2014] and (b) Q;‘ shown in five
panels corresponding to varying depth layers. Points labeled by numbers in (Figure 3b) correspond to spike test points
in Table S1. Thick black solid lines in Figure 3b (fifth panel) correspond to the (c-e) vertical cross sections. Resolvable
regions are outlined by thin black polygons where regions outside the polygons are not resolvable. Contours
correspond to Q;‘ of 0.005, 0.01, 0.02, and 0.04.

these velocity models did not significantly affect Q;1; thus, the V,, model from Tepp et al. [2014] interpolated
to 0.5 km spacing was used for the final inversion (Figure 3a).

In the inversion, raypaths were weighted by SNR and t* residual RMS. t* were averaged for rays that follow
the same path so that clusters of earthquakes did not bias the inversion result. A 2-D Laplacian regularization
multiplied by a damping parameter was applied to minimize curvature between nearby blocks and overcome
noise levels. Several damping parameters were tested to find the minimization of residual norm and model
length. The optimal damping parameter, 0.75, was determined using the trade-off curve between model
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length and residual norm (Figure S3). Following a similar approach as Lin et al. [2015], a background
O;‘: 0.0067 minimized residuals after a single iteration and was used as the background model for the final
inversion. LSQR was used to solve this inversion problem to obtain the Q;1 perturbations [Paige and Saunders,
1982]. Negative Q;1 values were not allowed since negative attenuation is physically unrealistic. This a priori
constraint was included in the iteration algorithm in LSQR [see Herman, 1980].

4. Synthetic Data Testing

Spike and checkerboard tests were used to ascertain the resolution and smearing of the model. For the spike
test, a Q;1 =0.03 perturbation is added to a single block (i.e., grid point) in a homogeneous near-zero back-
ground attenuation. Synthetic t* for all raypaths is computed through the perturbed model and inverted
to recover the perturbed spike. Spike tests were calculated and used to estimate resolution at various key
points in the model (points labeled by numbers in Figure 3b). Results indicate that resolution is best within
the caldera and the nearby surrounding region. Outside the caldera, resolution has large fluctuations, ranging
from 1 to 10 km in size (Table S1).

Several checkerboard patterns with varying dimensions of high (~0.05) and low perturbations (~0.001) were
created. Synthetic t* was computed through the perturbed models and inverted to solve Q;1 (Figures S4-S6).
A second set of checkerboard tests were run with random noise added to the synthetic data prior to the
inversion (Figure S7). Addition of noise does not significantly affect the recovered checkerboard pattern, but
recovery of the perturbed O;‘ magnitudes is reduced at deeper depths. Fine-scale (3 km) (Figure S4) and
large-scale (6 km) (Figure S5) checkers are resolvable beneath and east of the caldera from 0.5 to 8 km depths,
although recovery of the magnitudes of Q;1 is poorer at 8 km depth. Despite poor resolution and significant
smearing, there are high- and low-attenuation checkers present from 8 to 10.5 km depth. Depths >10.5 km
are not resolvable and are not included in the results. The minimum resolvable structure in the study region
is 2.5 km, which is similar to the resolution of the V,, model in our study region [Tepp et al., 2014].

5. Results

Results from the final tomographic inversion is plotted in five panels corresponding to different depth layers
in Figure 3b. The V,, model [Tepp et al., 2014] is presented beside the attenuation results for comparison. Only
anomalies in areas of good resolution (outlined by a thin line in Figure 3b) are described.

High attenuation is concentrated beneath the caldera from 0 to 10.5 km depth. This zone is partially
continuous, although there are significant spatial and magnitude variations in Q;‘. From 0 to 3 km depth,
there is high attenuation ranging from 0.01 to 0.04, directly beneath the caldera (Anomaly A) which corre-
lates with low V), [Tepp et al., 2014]. The top of Anomaly A extends northeast and southeast of the caldera
rim. Accounting for poor resolution and smearing, the diameter extends ~2 km beyond the caldera rim.
Additionally, west of the caldera, there is a small high-attenuation (Q‘;1 ~ 0.01) circular zone. From 3to 5.5 km
depth, high attenuation (Q;1 ~0.02) is concentrated under the northern caldera (Anomaly B). At 3 km, there
is a low-V,, anomaly, but it is further north than Anomaly B. There is a high-attenuation cylindrical zone with
Q;‘ ~ 0.005 under the southern caldera at this depth as well (Anomaly Q). It is evident in cross section that
Anomaly B deepens southward and decreases in magnitude from 5.5 to 10.5 km depth (Figures 3c-3e).

Low-attenuation anomalies (Anomaly D) surround the high-attenuation zones. From 3 to 5.5 km depth,
Anomaly D is concentrated under the eastern region. From 5.5 to 8 km depth, Anomaly D is present under
the eastern, southern, and western caldera. At 8 km depth, low attenuation is primarily concentrated in the
southeastern area. There are no significant attenuation anomalies below 10.5 km depth though resolution is
too poor to rule out any such anomalies.

6. Model Uncertainty

6.1. Variance of Q;1

A jackknife statistical test was used to estimate the variance for each block of the Q-' model following a similar
approach as Lees and Lindley [1994] (Figure S8). Variances range from 0 to 0.008. In blocks with zero coverage,
the variance is zero. The mean variance, excluding blocks with zero coverage, is 0.0005. This is low relative to
the values from the resolved Q;1 model. Blocks with good coverage have the smallest uncertainty. At depths

RODD ET AL.

ATTENUATION OF SIERRA NEGRA 6263



@AG U Geophysical Research Letters 10.1002/2016GL069554

<0.5 km, the largest uncertainty is concentrated beneath stations where raypaths converge. Other large
uncertainties are concentrated in regions with low coverage and/or near blocks with zero coverage.

6.2. Probability of Randomness

In high-scattering regimes, loss of t* signal coherence can occur [De Siena et al., 2010]. Volcanic cones tend to
be highly heterogeneous resulting in a high-scattering regime. Therefore, loss of signal coherenceis a concern
in the study area. If signal coherence is lost, t* determinations will not be spatially correlated and will appear
random. The probability that the observed Q;1 model parameters are a result of random t* was calculated
using Monte Carlo simulations. Synthetic random data sets of length, mean, and standard deviation equal to
the observed t* were inverted to produce 10,000 synthetic models. For each block, the number of synthetic
Q;‘ values that lie between the observed Q;1 + variance is divided by the number of simulations to determine
the probability of randomness (Figure S9). Blocks with zero coverage have 0% randomness since the variance
is also zero. Above 0.5 km, randomness is large especially beneath the caldera which suggests loss of signal
coherence due to a high-scattering regime. Thus, depths <0.5 km are not interpreted. There are regions of
large randomness from 3 to 5.5 km depths outside the caldera that are associated with low ray coverage.
Randomness is low below the caldera at depths > 0.5 km. Therefore, the observed Q;1 are likely to be real
features of the path effects.

7. Discussion

High O;1 is most commonly attributed to magma accumulation, temperature gradients, fluid presence,
magma movement, and heterogeneous media in volcanic settings [Lees, 2007]. Q;1 should be studied in con-
junction with Vo Vi, Vp/Vs, OS‘1, and the scattering coefficient, g, to differentiate the causes of attenuation.
Since only the V,, model is well resolved, our interpretation of the attenuation structure and understanding
of the magmatic system is limited. Only areas that are well resolved by the velocity [Tepp et al., 2014] and
attenuation analyses are interpreted.

High attenuation is present below the caldera from 0.5 to 10.5 km depth. The magnitude of this high atten-
uation tends to decrease with depth until 10.5 km where resolution is poor. This trend is expected due to
increased confining pressure. Poorer magnitude recovery at depths > 5.5 km could also produce this trend
(Table S1 and Figures S4-S7).

The high-attenuation region is divided into three anomalies. The relative uniformity in Q;‘ between Anomaly
B and Anomaly C suggests that the rock properties and thermal state of the system are similar in these two
regions. However, Anomaly A is spatially separated and varies in Q;1 magnitude from Anomalies B and C,
suggesting it is a separate attenuating body.

Given that attenuation is sensitive to temperature [e.g., Kampfmann and Berckhemer, 1985; Jackson and Faul,
2010], it is likely that high temperatures contribute to the high-attenuation anomalies. However, the studies
on sensitivity to temperature are based on mantle compositions; thus, a temperature estimate cannot be
derived for this region. Correlations between V, and Q" in tomography studies suggest Q" is also dependent
on melt percent, although this is not yet quantified [Hammond and Humphreys, 2000]. There is a signifi-
cant low-U, signature for 2 s and 3 s periods derived from ambient noise tomography (K. Seats, personal
communication, 2015) which could translate to low V; at shallow depths. Based on the Q;‘ and V), results,
we can only speculate that partial melting may contribute to the observed high-attenuation signals. Given
the sensitivities to temperature and melt, we interpret the high-attenuation anomalies as possible zones of
magma accumulation beneath the caldera.

The low-attenuation anomaly, Anomaly D, roughly correlates with a high-V,, anomaly from 3 to 5.5 km depth.
In volcanic settings, low Qp‘1 and high V), are most commonly attributed to cooled mafic compositions with
limited fluid presence [Lees, 2007]. From 5.5 to 8 km, Iow—Q;1 anomalies correspond to low V, which is
atypical. Lin et al. [2015] observed similar Iow-O;‘ values with low V,, and low V,,/V, and attributed this to
melt-saturated rock. Without a V,, / V; ratio, we interpret the low Q;1 anomalies as shallow cumulate mafic rock
on the edges of deeper magma accumulation.

7.1. Comparison to Current Magma System Models

If Anomalies A and B are considered two different zones of magma accumulation, this would suggest at least
two stacked reservoirs: one shallow body between 0.5 and 3 km depth controlling surface deformation and a
deeper, connected zone from 3 to 10.5 km depth. The top of Anomaly A is consistent with the ~1 km depth of
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the shallow magma body inferred from deformation modeling [Amelung et al., 2000; Geist et al., 2006; Yun et al.,
2006]. This shallow body is thought to be a sill that is diapiric in shape [Chadwick and Dieterick, 1995; Yun et al.,
2006]. However, distinguishing between two separate attenuating bodies is difficult due to spatial overlap
and similar Q;1 signatures. Finer vertical grid spacing is required to confirm a multiple chamber geometry.
Thus, itis also possible that there is a continuous magma accumulation zone with local Q;1 variations beneath
Sierra Negra.

Our results provide critical detail to the results of Tepp et al. [2014]. Body wave tomography imaged a large
low-V, zone from 5.5 to 15 km interpreted as a large mush zone [Tepp et al., 2014; Geist et al., 2014]. The V,
model also suggested small, higher-melt pockets within the mush zone. We suggest that the high-attenuation
anomalies correspond to these pockets within the large mush zone which is too broad to distinguish from
the background in this study. Attenuation is more sensitive to temperature gradients and melt than velocity;
thus, itis better able to define these high-melt pockets. Other studies have shown similar discrepancies in size
of high—Q;1 and low-V,, anomalies [e.g., Prudencio et al., 2015].

8. Conclusions

The spectral decay method was used to determine the Q;‘ structure beneath Sierra Negra. High attenuation
is concentrated primarily below the caldera from 0.5 to 10.5 km depth. From 0.5 to 3 km, the high-attenuation
anomaly is heterogeneous. From 3 to 8 km, there is an elliptical high-attenuation anomaly below the caldera
that deepens southward. The high-attenuation anomalies are interpreted as zones of magma accumulation.
Our results support a multichamber magma system with a shallow body at ~1 km and a deeper body at
3-10.5 km depth within the region of a larger mush zone imaged in the V, model. Future studies modeling
V,,Q;', and the scattering coefficient could better distinguish the sources of high attenuation and further our
understanding of the shallow magma system beneath Sierra Negra.
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