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The Galépagos archipelago is one of the regions with the highest rates of eruption and surface magma emission
in the world. Knowledge about the subsurface structure is fundamental for a better understanding of the
dynamics of the magmatic systems in the area. However, the details of the internal architecture beneath the
archipelago remain poorly constrained at both shallow and deep levels. To shed light on these, we apply
seismic interferometry by autocorrelation to records of earthquakes with epicentral distances greater than 30°,
obtained from 18 broadband stations deployed around two volcanoes (Cerro Azul and Sierra Negra) located in
Western Galapagos, which is characterized by the highest volcanic activity of the archipelago. The methodology
we apply results in the identification of the main mantle discontinuities at a wide range of depths with high
resolution. We combine the individual results from all stations to construct a representative depth model for
the entire region down to a depth of 800 km. Our results reveal coherent reflectivity patterns consistent with
previously identified mantle structures and define the extent and location of the Galdpagos mantle plume.
These findings provide new insights into the mantle structure beneath the archipelago and can be used to
improve our understanding of plume processes driving volcanism and its surface expression in the region.
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1. Introduction youngest and most active volcanoes of the archipelago are located in

its western sector (Harpp and Geist, 2018; Siebert et al., 2010). Among

State-of-the-art volcanology research confronts the challenge of il-
luminating the internal structure of volcanic systems, encompassing
regions of magma generation to emission vents on the volcanic edifice.
These insights are critical to understanding volcano dynamics, accu-
rately inferring behavioral evolution, and developing effective alert
systems to mitigate associated risks (Sigurdsson et al., 2015).

About 23 million years ago, an east-west rifting process began
between the Cocos and the Nazca plates, leading to the formation
of the Galdpagos Spreading Center (Hey, 1977). This tectonic setting
was further influenced by the presence of a mantle plume, currently
located about 1000 km west of the coast of Ecuador, which gave rise
to the Galdpagos hotspot (Simkin, 1984). This system, together with the
Nazca Plate’s movements over the Galdpagos hotspot, formed the Gala-
pagos archipelago (Fig. 1(a))- a group of volcanic islands located in the
Pacific between 100 and 300 km south of this spreading center (Geist
et al., 2008). This area constitutes one of the most volcanically active
regions in the world (Geist et al., 2014; Simkin and Howard, 1970). The

these are the Sierra Negra and Cerro Azul volcanoes, which are located
in the southern part of Isabela Island, the study area of this work (Fig.
1(b)).

Volcanic activity in the Galdpagos is influenced by the mantle
plume, as its ascent and partial melting beneath the archipelago supply
magma to active volcanoes, such as Sierra Negra and Cerro Azul (Geist
et al., 1988). Montelli et al. (2004), using finite-frequency tomography,
imaged the Galapagos plume in the upper mantle, suggesting an origin
at a depth of less than 1000 km, with a radius of 300 km centered
at 0° latitude and 92° W longitude. Villagémez et al. (2014) proposed
that the mantle plume is deflected or bent beneath the archipelago on
its way toward the Galapagos Spreading Center, and that this bending
occurs at depths greater than 150 km; their seismic-tomography results
indicate that the plume is centered at ~250 km depth beneath the
archipelago, with its deeper portion located south of Isabela Island
starting at depths greater than 150 km. Based on receiver-function
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Fig. 1. (a) Location of the Galdpagos Archipelago in relation to Western South America. (b) Topographic map centered on the southern part of Isabela Island,
showing the station distribution (solid triangles) around the Sierra Negra and Cerro Azul volcanoes.

imaging, Rychert et al. (2014) observed an increase in velocity at 130
140 km depth, indicating that this is probably related to the onset of
the molten zone; they also identified this discontinuity at depths greater
than 145 km in the southern part of the archipelago.

Rychert et al. (2014) indicated a depth of 75 + 12 km for the
lithosphere asthenosphere boundary (LAB) in the Galdpagos region,
presenting a depth of 82 km below Isabela Island. Through receiver-
functions analyses, Byrnes et al. (2015) inferred the location of the
“discontinuity G” at 91+8 km depth below Southeastern Gal4dpagos and
72 +5 km depth in its surroundings. They argued that this discontinuity
corresponds to the base of a fully dehydrated mantle, where upwelling
and decompression melting occur. They concluded that this disconti-
nuity is not relevant for the LAB, as it does not present the expected
mechanical properties.

At the global scale, several studies have detected a seismic disconti-
nuity at a depth of approximately 300 km beneath island arcs (Leven,
1985; Wajeman, 1988; Williams and Revenaugh, 2005). This feature
has been associated with geochemical heterogeneity in the mantle and
a residue of ancient subduction within the upper mantle. In the Gala-
pagos region, it was observed through analyses of SS phases between
290 and 330 km depth (Deuss and Woodhouse, 2002).

The 410 and 660 km discontinuities are globally recognized, defin-
ing the boundaries of the transition zone (TZ) (Frost, 2008). Using
precursor stacking techniques, both discontinuities are clearly visible
in stacked images of global datasets, indicating that they do not vary
significantly between regions (Shearer, 1990). However, the 660 km
discontinuity exhibits a more complex structure, displaying a signif-
icantly varying character and sometimes presenting double peaks at
depths of 650 750 km (Deuss, 2009).

Within the TZ, a secondary seismic discontinuity, with an amplitude
roughly half that of the 410 km discontinuity, is generally observed
around 520 km depth, although it exhibits a more complex structure
and its presence is spatially variable (Deuss, 2009; Shearer, 1990).
Based on analyses of SS phase coherency, Deuss and Woodhouse (2001)
reported a discontinuity at approximately 520 km depth in many
regions; however, in several areas, including the mid-Pacific, which en-
compasses the Galapagos, they identified two distinct discontinuities at
about 500 and 560 km depth. They associated these two discontinuities
with a splitting effect of the 520 km discontinuity, originating from a
wadsleyite-to-ringwoodite phase transition, a compositional transition
that is absent from most reference models (Frost, 2008).

Based on experimental petrology, Ringwood (1968) proposed the
existence of a discontinuity at the base of the TZ, attributed to the
accumulation of ancient subducted oceanic crust. Shen et al. (2014),
using global stacks of receiver functions, identified a discontinuity near
600 km depth beneath both continental and island stations, supporting
the idea that it may represent a global feature.

Many details about the archipelago’s subsurface remain to be dis-
cerned, including the precise location and dimensions of the man-
tle plume beneath it, as well as the complex mantle structure that
influences the region’s volcanic activity and tectonic processes. The
objective of our work is to provide evidence on the location of mantle
structures beneath the Sierra Negra and Cerro Azul volcanoes. To
this end, we apply seismic interferometry (SI), a method that allows
for the extraction of subsurface information from complex or random
wavefields, providing valuable insights that can also enhance conven-
tional seismic approaches (e.g., Brenguier et al., 2008; Draganov et al.,
2007; Sens-Schonfelder and Wegler, 2006). Specifically, by applying
SI by autocorrelation to distant earthquakes, we retrieve body-wave
reflections and illuminate the structure beneath selected stations in the
vertical direction, allowing for the identification of seismic discontinu-
ities (Nishitsuji et al., 2016; Pham and Tkal¢i¢, 2017; Ruigrok et al.,
2010; Ruigrok and Wapenaar, 2012; Sun and Kennett, 2016; Tauzin
et al., 2019). For this purpose, we use seismic events recorded at 18
broadband seismological stations deployed around Sierra Negra and
Cerro Azul volcanoes between August 2009 and June 2011 (Fig. 1(b)).
Results from individual stations are then combined to obtain a represen-
tative subsurface structure for the entire region. This is achieved using a
stacking technique that improves statistical robustness, enhances coher-
ent seismic signals, and suppresses noise and station-specific effects. We
provide precise measurements of the locations of subsurface structures
in the mantle, confirming the presence of previously identified features
and refining the geological model for southern Isabela Island in the
Western Galapagos.

2. Methodology

SI exploits the interference patterns in the propagation of seismic
energy to retrieve relevant information about the propagation medium.
It uses recordings from one or multiple stations, from artificial or nat-
ural seismic sources. By reorganizing a wavefield recorded at different
stations, SI retrieves new seismograms in which one of the sensors,
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Fig. 2. Seismic interferometry by autocorrelation applied to vertically incident seismic energy. (a) A subsurface source emits seismic waves toward the surface,
which are reflected at various interfaces and recorded by a receiver. (b) Result of applying seismic interferometry by autocorrelation: a virtual source is located at
the surface, and only the reflected energy is retrieved. The variables 7, and t, represent the two-way travel times to the reflectors. (c) Seismogram at the receiver
location retrieved from the autocorrelation process, showing the vertical reflectivity response.

referred to as a virtual source, acts as the source of energy for the
other stations. Then, SI could provide precise estimates of the medium’s
impulse response, i.e., the empirical Green’s function, between every
virtual source station pair (Wapenaar et al., 2010). This method has
been successfully applied to global phases, teleseismic phases, micro-
seisms, and ambient seismic noise to image the interior of the Earth
at various scales (Boullenger et al., 2014; Casas et al., 2020; Draganov
et al., 2007; Gorbatov et al., 2013; Kim et al., 2017; Nishitsuji et al.,
2016; Oren and Nowack, 2017; Ruigrok and Wapenaar, 2012).

SI by autocorrelation is an SI technique with active or passive
sources that does not require prior knowledge about the propaga-
tion medium or sources to obtain information about subsurface struc-
tures. Claerbout (1968) laid a basis upon which SI by autocorrelation
was developed. He proved that the autocorrelation of the transmission
response of a plane wave through a horizontally stratified medium,
recorded at the surface, allows retrieving the reflection response of a
virtual source co-located with the recording station.

The mathematical formulation of SI by autocorrelation for general
inhomogeneous medium was developed by Wapenaar and Fokkema
(2006). They obtained the relation:

> [T(ro, —1) % 5;(=1) % T(ro, 1) * si(l)] ® [s(=1) = s(1)];

~ —R(rg, —1) + 6(t) — R(ry, 1), M

where s;(7) denotes the time function of the source i; [s(—t) * s(r)]; refers
to the autocorrelated source time function; the transmitted wavefield
recorded at the station and the reflection response observed at the posi-
tion r( are represented by T'(r, 1) and R(r,t), respectively; §(r) denotes
the Dirac delta function; and symbols * and ® denote convolution and
deconvolution operators, respectively. This equation establishes that
the reflection response R(ry,) can be retrieved by autocorrelating the
transmitted wavefield T'(r, r). Even though the theory assumes lossless
media, this formulation does not preclude its application to media with
anelastic losses - theoretical analyses have demonstrated the robustness
of this technique in addressing such limitations (Vasconcelos et al.,
2009). Furthermore, numerous studies have confirmed the adaptability
of SI by autocorrelation to seismic data recorded in complex environ-
ments such as volcanic areas (Casas et al., 2019, 2020; Hassing et al.,
2023; Heath et al., 2018; Nacif et al., 2024; Polychronopoulou et al.,
2019).

Fig. 2 illustrates the basic principle of SI by autocorrelation assum-
ing a 1D medium. A source in the subsurface emits energy vertically
toward the surface, where it is reflected back into the subsurface (Fig.
2(a)). The seismogram at a station located at the surface will then
contain the arrival of direct waves followed by energy that is multiply
reflected between the surface and several subsurface discontinuities
along their vertical trajectories. By applying SI by autocorrelation to the

receiver’s record, the multiply reflected arrivals are isolated, while the
incoherent noise is attenuated. Subsequently, the two-way travel times
of the seismic energy to the subsurface discontinuities are retrieved.
Therefore, SI by autocorrelation allows for the estimation of the two-
way travel time of discontinuities, providing information about the
subsurface architecture of the analyzed area.

3. Data

We apply SI by autocorrelation to data recorded at 18 broadband
seismological stations (GSO1 - GS18) of the temporary Sierra Negra In-
tegrated Geophysical Network (SIGNET). These stations were installed
in the southern part of Isabela Island between August 2009 and June
2011, covering an elliptical area of approximately 75 km x 45 km,
including the Sierra Negra and Cerro Azul volcanoes (Fig. 1(b)). The
dataset, freely available from the Incorporated Research Institutions for
Seismology (IRIS) database, consists of velocity recordings sampled at
40 Hz (GS01 GS13) or 50 Hz (GS14 GS18).

The P-wave coda recorded in the vertical component is an accurate
measurement of the transmission response for the P-wave energy prop-
agating along the vertical direction (Wapenaar et al., 2010). Through
SI, we use the transmission response to retrieve the reflection energy
along the vertical component. The application of SI by autocorrelation,
when P-wave energy is used, requires a (sub)vertical propagation of
the seismic energy in the subsurface. In this case, the seismograms
recorded at a station located on the surface will present the arrival
of direct waves followed by the arrival of seismic energy reflected
and transmitted multiple times between the surface and the subsurface
discontinuities (i.e., coda). To ensure that the P-wave energy arrives at
the station subvertically, we impose a constraint on the ray parameter
of the direct P wave. For steep propagation angles (below 20°), the
ray parameter must be < 0.08 s/km (Kennett et al., 1995). Given this
condition, we select only events with epicentral distances greater than
30° from each station, ensuring a predominantly vertical to subvertical
incidence of the seismic energy; an upper epicentral-distance limit is
not required.

For data download, we use the PyWEED software (IRIS, 2015). We
download waveforms from earthquakes with magnitude M, > 6 and
epicentral distances greater than 30° that occurred during the recording
period for each SIGNET station. Based on the previously mentioned
criteria, we only used their vertical component records.
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Table 1
Number of events used for the appli-
cation of SI by autocorrelation at each

station.

Station Number of events
GS01 238
GS02 259
GS03 120
GS04 64
GS05 259
GS06 259
GS07 262
GS08 82
GS09 253
GS10 261
GS11 74
GS12 255
GS13 250
GS14 83
GS15 197
GS16 76
GS17 80
GS18 69

4. Application and results

We analyze the downloaded records in two stages: pre-processing
and processing. This division allows for a clear distinction between
the preparation of the seismic records such as cleaning, filtering, and
windowing and the application of a variation of SI to obtain the
subsurface reflection response.

4.1. Pre-processing

The Galdpagos Archipelago is characterized by active volcanism,
plate interactions, and strong lateral heterogeneity, which introduce
significant spatio-temporal variability in seismic records and commonly
result in low signal-to-noise ratio (SNR). Therefore, after data down-
load, we apply data quality control to exclude traces affected by
high-energy coherent noise, and perform frequency filtering to enhance
their SNR. Subsequent processing steps, including stacking, further
improve signal coherence and attenuate residual incoherent noise.

The quality control is designed to avoid recordings with overlapping
seismic events that may introduce spurious artefacts in the autocor-
relation. It is implemented in two stages. First, we ensure that the
selected time windows predominantly contain P-wave coda energy,
while excluding S-wave arrivals, which behave as coherent noise and
may introduce cross-terms in the autocorrelation results. To address
this, we discard from our catalog the second of two seismic events
that occurred so closely in time that the arrival of the S-wave energy
from the first overlapped with the P-wave coda of the second. Thus,
we avoid correlations between S-wave energy from the first event and
P-wave energy from the second. The second step focuses on evaluating
the waveform and spectral content of each record individually. This
criterion is designed to avoid the presence of local events in the records,
as these do not necessarily arrive vertically at the stations. Table 1 lists
the number of selected events for each station. As an example, Fig.
3 illustrates ten of the selected events recorded at station GS17 (see
Table S1 in Supplementary Material for additional information on the
corresponding source parameters).

We then filter the selected records in the frequency range of [0.5,
1] Hz (see Fig. 4(a) and (b)). Within this range, the energy of the P-
wave exceeds that of the noise (see Fig. A.1 in Appendix A showing a
representative example of the amplitude spectrum of signal and noise
intervals). Based on this selected frequency range, we decimate the
records to 5 samples per second.

Finally, we extract the useful P-wave coda from the records of
each station. To avoid coherent artefacts due to crosstalk between P-
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and S-wave arrivals in the autocorrelation, the P-wave coda window
should be limited to the S-wave arrival. We estimate the theoretical
arrival times of the direct P- and S-waves using the global velocity
model AK135 (Kennett et al., 1995), along with the locations of the
seismic events and the stations. Due to variations in source distances,
the lengths of the P-wave codas differ for a given station (see example
in Fig. 3). To ensure a uniform contribution in time from all sources, we
select the first 200 s of each trace, as this interval includes contributions
from all events and it is sufficiently long to explore the mantle depths
(Fig. 4(c)).

4.2. Processing

For each event recorded at every station, we compute the normal-
ized autocorrelation of the P-wave coda. This normalization ensures
equal energy contribution of each event. Due to the inherent symme-
try of autocorrelations, only the causal part is considered for further
analysis (Fig. 4(d)). Then, we apply linear stacking individually to the
autocorrelation functions obtained for the events of each station (Fig.
4(e)). This retrieves a new individual sequence with reduced signal
variability and higher quality (i.e., higher SNR) for each station (see
Appendix B for an analysis of the stability and robustness of the result-
ing single-station linear stacks). We did not apply an explicit source
deconvolution to the autocorrelations, as source-related contributions
are expected to be largely reduced by the relatively narrow frequency
band used, and the subsequent stacking procedure further enhances the
structural response while attenuating source and noise effects (Tauzin
et al., 2019).

Given the relatively small area enclosed by the stations and the fre-
quencies used in the processing, we expect the information contributed
by each station to remain consistent and not differ significantly for
deeper structures (i.e., at depths below the Moho). Thus, we combine
the information from the stations to obtain a representative subsurface
structure for the entire region. To do so, we apply phase-weighted
stacking (PWS) to the individual results. The application of both linear
stacking and PWS at different stages of processing is known as two-
stage stacking (Ventosa and Schimmel, 2017). This approach consists
of first improving the SNR through linear stacking, followed by the
application of PWS to the resulting signals. This occurs because PWS
is more effective when stacking fewer high-quality sequences, rather
than a larger number of low-quality ones, even when the linear stacks
of those traces are identical. Therefore, for datasets with a large number
of low-SNR traces, a two-stage stacking approach is recommended.

As there are differences in the number of events per station, we
normalize the linear stacks before combining them. This prevents sta-
tions with more events from exerting greater influence, ensuring that
all stations contribute equally to the final combined stack. The results
of the pre-processing and processing steps for each individual station
(i.e., the normalized linear stacks) are shown in Fig. 5(a). After normal-
ization, we combine the traces from all stations (Fig. 5(b)). A dedicated
single-station sensitivity analysis Appendix B shows that the main
features are consistently observed across individual stations, supporting
the stability of the resulting subsurface response. Nevertheless, some
variability remains at the single-station level, reflecting the presence
of local noise that affects the clarity of certain features. As this noise is
largely incoherent across stations, the application of PWS is particularly
appropriate. The differences between the PWS result and the individual
linear stacks therefore reflect the phase-coherence-based nature of the
PWS method, which prioritizes phase coherence over amplitude. We
employ PWS in both the time and frequency domains using the S-
transform, which enhances coherent signals while strongly attenuating
incoherent noise, improving signal clarity and accelerating convergence
compared to traditional stacking methods (Ventosa and Schimmel,
2017; Yang et al., 2022). This results in a representative signal that
emphasizes features coherently detected across the station network.
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Fig. 3. Traces corresponding to the P-wave codas of the first 10 selected events (chronologically ordered) used for station GS17.
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Fig. 4. Pre-processing and processing steps applied to data recorded at each station, illustrated using station GS17 as an example. Panels (a) (d) show the effect
of the applied methodology on an arbitrarily chosen seismic event recorded by this station, while panel (e) shows the result obtained using all selected events.
(a) Raw trace of a selected event, showing a time window from 20 s before to 600 s after the P-wave arrival. (b) Same trace after frequency filtering with the

estimated P- and S-wave arrival times indicated in red. (c) Selected P-wave coda (first 200 s) of the event. (d) Causal part of the autocorrelation of the P-wave
coda. (e) Linear stack of all selected events.
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Fig. 5. (a) Normalized results for each station and (b) their combination using the PWS algorithm.

4.3. Results

By performing autocorrelation, the new records and their PWS
exhibit vertical reflections where the observed propagation time rep-
resents the two-way travel time of the arrivals (Fig. 6(a)). Hence, we
convert the resulting two-way-time stack into depth in order to properly
interpret the obtained information (Fig. 6(b)). To do so, a velocity
model must be adopted. For depths up to 43 km, we use a model
applied by the Instituto GeofAsico de la Escuela PolitA©cnica Nacional
(IGEPN) for routine monitoring of Sierra Negra volcano (Hidalgo et al.,
2023). For greater depths, we utilize the global model AK-135 (Kennett
et al., 1995).

As a final processing step, we compute the envelope of the PWS
signal using the Hilbert transform (Fig. 6(c)). The peaks of this envelope
are automatically identified and are tentatively associated with reflec-
tions from major subsurface discontinuities, providing an objective way
to indicate their locations.

5. Interpretation and discussion

For the interpretation of the results, we analyze the dominant ampli-
tudes in the final obtained trace (Fig. 6(c)). Specifically, local maxima
are distinguished along the envelope of the resulting signal, which are
relevant to the main subsurface discontinuities. Our results show P-
wave energy reflected and transmitted multiple times at the surface
and subsurface discontinuities. Converted waves (e.g., from P to S)
could also contribute to the correlation results; however, when vertical
components are correlated, the arrivals of converted S-wave energy are
expected to attenuate at zero offset (Casas et al., 2020; Delph et al.,
2019). This ensures that the observed amplitudes are primarily related
to vertically propagating P-waves. Therefore, the observed dominant
amplitudes correspond to the subsurface discontinuities where this
energy was reflected.

The amplitudes of the local maxima associated with the disconti-
nuities cannot be directly interpreted due to three factors. First, we
apply an SI representation that required simplifications, making the
absolute amplitudes, and even relative amplitudes in a given autocorre-
lation function, unreliable (Wapenaar and Fokkema, 2006). Second, the
characteristics of the utilized PWS method impose certain limitations;

while PWS improves the SNR, it comes at the cost of potential signal
distortion due to varying coherence across its time and frequency
components (Ventosa and Schimmel, 2017). Third, combining results
from different stations introduces additional complexities; although the
stations are relatively closely spaced, stacking individual results each
representing the vertical component recorded at a specific station com-
plicates the interpretation of the amplitudes. This is because a larger
amplitude at a given depth may indicate a stronger impedance contrast
in the medium but could also arise from a discontinuity being detected
by all stations, without necessarily implying a significant impedance
contrast. Nevertheless, despite these limitations, the identification of
local maxima remains a robust approach, as their consistent presence
and coherent depth across stations provide a reliable indicator of
subsurface discontinuities, regardless of the amplitude variability.
Based on the identified local maxima and the comparison of these
distinguished features with previous studies, we propose a structural
depth model for Western Galdpagos. This model is shown in Fig.
7, overlaid on the resulting trace. The uncertainty of the results is
influenced by several factors, including the selected frequency band,
stacking robustness, inter-station variability, and the adopted veloc-
ity model. We evaluate the sensitivity to each of these factors and
find that none of them significantly affects the interpretations. First,
although the use of a broader frequency band could, in principle,
improve the vertical resolution, it would also introduce seismic energy
not directly related to seismic events, thereby increasing noise and
uncertainty Appendix A. Second, the robustness of the linear stacking
procedure is assessed through a dedicated sensitivity test Appendix
B. This test indicates that the main identified features are stable and
are not controlled by a limited subset of events. Third, inter-station
variability is not expected to significantly influence the results at the
depths of interest (i.e., below the Moho), where the obtained response
is dominated by coherent, large-scale structures detected across all
stations, as enhanced by the PWS procedure. Finally, a sensitivity test
based on perturbations of the adopted velocity model yields consistent
depth estimates Appendix C, indicating that the depth estimates remain
stable under reasonable model variations. The remaining uncertainty
in the selection of a representative depth within the range is defined
by the pulse width of the signal. The pulse width corresponds to the
depth interval over which the signal exceeds half of its maximum
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Fig. 6. (a) PWS in the time domain. (b) PWS in the depth domain. (c) PWS in the depth domain with the corresponding signal envelope.

amplitude. In our case, this uncertainty is bounded by an upper limit of
approximately 18.25 km, supporting the high resolution of our depth
estimates within this interval.

Fig. 7 shows all identified discontinuities on the left and the concep-
tual layered model on the right. The horizontal bands highlight features
interpreted as subsurface reflectors, with their widths corresponding
to the associated pulse, thereby defining the resolution of each identi-
fied discontinuity. The dark-gray bands indicate clearly distinguishable
discontinuities, while the light-gray bands represent features reported
in previous studies that appear less prominently in our results. Sev-
eral factors may contribute to this reduced clarity, including: (i) a
genuinely low impedance contrast across the discontinuity, producing
weak reflected energy; (ii) a moderate impedance contrast combined
with a sufficiently strong dip or curvature of the discontinuity, such
that reflected energy is not directed back toward the surface stations;
(iii) a gradual transition between subsurface layers, generating multiple
closely spaced reflections rather than a single coherent interface; and
(iv) a structurally complex discontinuity, in which lateral heterogeneity
reduces coherence and hinders effective stacking across stations. Future
refinements could include the incorporation of local seismic events with
near-vertical incidence or the implementation of criteria to identify and
exclude the noisiest correlation functions prior to stacking. These com-
plementary strategies may help enhance the coherence of the resulting
signal and potentially improve the identification of subtle maxima.

The shallowest marked discontinuity in Fig. 7 is the LAB, which is
expected to be present but does not appear distinctly in our results.
Based on the work of Rychert et al. (2014), this discontinuity is located
at a depth of 82 km in the southern part of Isabela Island, although
the average depth reported for the entire region is 75 + 12 km. Even
though there is no evident variation in relative amplitudes around this
depth range, the signal exhibits a higher dominant frequency at the
65.1 + 1 km pulse, while at shallower and deeper levels the dominant
frequency appears lower. Studies of other oceanic hotspots, such as
Hawaii, show that thermal interaction with the mantle plume produces
a thinner lithosphere, resulting in the LAB being located typically

around 50— 60 km depth (Li et al., 2004). Therefore, based on previous
knowlege and the shift in dominant frequency observed at this depth,
we associate the pulse located at 65.1 + 1 km with the LAB.

Within the upper mantle, we indicate the shallowest discontinuity at
a depth of 100.5+5.2 km. Based on the work of Byrnes et al. (2015) for
the Galdpagos region, this discontinuity is attributed to a mineralogical
transition and/or the accumulation of partial melt, associated with
the presence of the mantle plume, reflecting a local phenomenon. In
addition, Byrnes et al. (2015) support the interpretation of a lithosphere
thinned over the plume, distinguishing this feature from the LAB.

Our results show the presence of two other very pronounced discon-
tinuities within the upper mantle. The first is associated with two pulses
at 125.5+1.9 km and 139.3 +12.7 km, with very similar amplitudes and
frequency behavior. The overlap and continuity of these depth ranges
indicate that the discontinuity extends from 123.6 to 152.0 km, and is
therefore represented by a mean depth of 137.8 + 14.2 km. The second
discontinuity is also associated with two pulses at depths of 253.4 +
2.0 km and 273.0 + 14.9 km beneath the analyzed region. Following the
same criteria, this corresponds to a single feature at 269.7 + 18.3 km. In
line with the plume geometry proposed by Villagomez et al. (2014), we
interpret these features as the upper and lower boundaries of a mantle
plume structure, based on their depth and spatial extent. According
to our observations, the plume beneath this region of the archipelago
has a vertical extent of approximately 130 km. Although variations in
amplitude and signal behavior are observed within the plume, we do
not associate any of them with a specific discontinuity. Instead, we
interpret these variations as potential heterogeneities within the plume
itself, possibly related to variations on the percentage of melting or
mineralogical changes.

We identify another discontinuity in the upper mantle at 351.9 +
4.2 km depth. We associate this feature with the compositional transi-
tion estimated to occur around 300 km beneath volcanic arcs (Williams
and Revenaugh, 2005). Smaller peaks are also observed around 298.7
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and 318.6 km, which are closer to the expected depth of this disconti-
nuity (310+20 km, according to Deuss and Woodhouse (2002)). There-
fore, we interpret all of these observations collectively as a possible
partitioning of this compositional transition.

The 410 km discontinuity, marking the boundary between the upper
mantle and the TZ, is globally recognized (Frost, 2008) and is expected
to be present in this region. In our results, a change in relative ampli-
tudes is observed across two pulses located around this depth range,
at 4044 + 3.1 km and 4174 + 11.1 km with comparable amplitudes
and frequency. These pulses are equivalent to a mean depth of 414.9 +
13.6 km. The signal does not exhibit a clear local maximum compared
to surrounding depths, making it difficult to identify without prior
knowledge. For this reason, the 410 km discontinuity is represented
by a light-gray band in Fig. 7.

Within the TZ, we identify two discontinuities at depths of 483.9 +
8.8 km and 550.9 +6.2 km, with low and high prominence, respectively.
We associate both of these features with a compositional transition,
which is typically observed at a depth of approximately 520 km in other
regions worldwide (Shearer, 1990). This interpretation is consistent
with the findings of Deuss and Woodhouse (2001), who also describe a
partitioning of this depth with peaks around 500 and 560 km for some
regions of the world, including Galapagos.

Another discontinuity is observed within the TZ at 591.5+7.1 km. We
associate this feature with the beginning of a low-velocity layer at the
base of the TZ. This layer is related to mineral phase transformations
and the accumulation of subducted oceanic crust, which can become
trapped at the base of the TZ, forming a stable and dense layer approx-
imately 50-km-thick just above the 660 km discontinuity (Ringwood,
1968; Shen et al., 2014).

The lower boundary of the TZ, marking the beginning of the lower
mantle, is observed at a depth of 659 + 8.6 km, consistent with global
observations (Shearer, 1990). The corresponding pulse maximum at
659 km, shown in Fig. 6, is clear and well-defined, but surrounded by
relatively high amplitudes, spanning approximately from 620 to an esti-
mated 700 km. This broadening may reflect structural or compositional
complexity at the base of the TZ. A smaller secondary peak appears near
720.9 km; we infer that this feature likely originates from constructive
interference between the broad 659 km pulse and a structural hetero-
geneity within the same discontinuity. This is followed by an additional
reflector at 756.1 + 6.52 km. The complexity of this region has also
been documented in previous studies; Deuss (2009) reported evidence
of multiple reflectors and highlighted the heterogeneous nature of the
transition from the TZ to the lower mantle, including the possible
presence of double peaks near 650 and 750 km in some regions of the
world.

In this study, we limit the analysis to the first 200 s of the P-wave
coda, selecting this time window to ensure contributions from all events
at each station. This approach allows imaging of structures down to
approximately 900 km depth. Although deeper discontinuities are not
addressed in this work, alternative strategies such as considering only
long P-wave codas or assigning weights according to the length of the
codas could be implemented in future studies to reveal deeper features.

This work represents the first application of SI to image mantle
discontinuities at such depths beneath the Galapagos. For this analyzed
depth range, we provide coherent and robust results that enhance our
understanding of the regional mantle structures. These insights may
have significant implications for future studies on magma evolution
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(e.g., Galetto et al. (2023)) and, consequently, for hazard assessment
approaches (Hidalgo et al., 2023).

6. Conclusions

We applied seismic interferometry by autocorrelation to seismic
events recorded at 18 temporary stations located in the southern part
of Isabela Island (Western Galdpagos) for retrieval of body-wave re-
flections. For each of the stations, we selected seismic events based on
their magnitude and epicentral distance to ensure vertical incidence of
P-wave energy. This approach allowed us to retrieve virtual sources
co-located with the recording stations on the surface, which we subse-
quently summed together to obtain one final virtual zero-offset trace
to interpret as representative of the subsurface below the 18 stations.
Our results indicate the depth of discontinuities in the subsurface below
the stations, which are in accordance with those expected for the area.
While most identified features are robust and well resolved, a limited
subset remains tentative. These tentative discontinuities correspond to
the lithosphere asthenosphere boundary at ~65 km, the upper mantle
transition zone boundary at ~415 km, and the upper interface of
the 520 km discontinuity at ~484 km. All remaining discontinuities
are robust. These include features associated with compositional or
mineralogical transitions within the upper mantle at ~100 km and
~352 km; the second interface of the 520 km discontinuity at ~551 km;
the onset of a low-velocity layer at ~591 km; and the transition zone
lower mantle boundary at ~659 km, with a second reflector at ~756 km.
Furthermore, we evidenced the upper and lower boundaries of the
Galdpagos mantle plume within the upper mantle at ~138 km and
~270 km, respectively. This supports a tilted and deflected geometry of
the mantle plume beneath the archipelago. While some of the utilized
events exhibited seemingly low signal-to-noise ratios probably caused
by the complex geological environment of the Galdpagos, the results
support that seismic interferometry for body-wave retrieval can still
be effectively applied in such conditions. By implementing rigorous
quality control, frequency filtering, and a two-stage stacking process,
we were able to enhance the signal coherence and improve the overall
quality of the final results. This underscores the robustness of the
seismic interferometry by autocorrelation technique in extracting co-
herent structural information. This study represents the first application
of seismic interferometry for body-wave retrieval to image mantle
discontinuities beneath the Galdpagos. This approach enabled a more
detailed characterization of discontinuities at various depths, providing
evidence that supports the notion of structural complexity in some of
these interfaces. We expect that our findings on mantle structures will
contribute to a better characterization of the Galdpagos hotspot, its
linkage to the Galapagos Spreading Center, and the volcanic activity
of the region.

Research data

This study was conducted using openly available seismic data from
the SIGNET network, retrieved from the Incorporated Research Institu-
tions for Seismology (IRIS) Data Management Center (https://doi.org/
10.7914/SN/XE_2009). We used the open-source software PyWEED
(developed by IRIS, https://github.com/iris-edu/pyweed) for data se-
lection and download. We processed the data using Python and its
scientific libraries, highlighting the use of the ObsPy library (https:
//doi.org/10.1785/gssrl.81.3.530). Map figures were generated using
the Generic Mapping Tools (GMT, https://www.generic-mapping-tools.
org/).
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Appendix A. Frequency-range selection

We conducted a frequency-spectrum analysis of the noise and the P-
wave coda intervals of the events in order to identify a frequency range
in which, for all events, the energy of the signal consistently exceeds
that of the noise, even though the signal-to-noise ratio (SNR) varies
across events.

To illustrate this analysis, we select two representative events with
different SNRs, both recorded at the same station (GS17). One event,
with an epicentral distance of 37.38° and a magnitude of M, 7, shows
a high SNR. In Fig. A.1(a), the vertical component of the record is
shown, along with the arrivals of the P and S phases, and the windows
corresponding to noise and the P-wave coda. The considered P-wave
coda window is 200-s-long, as this is the segment later used for signal
processing. In this case, a comparison of the frequency spectra of the
noise and the P-wave coda (Fig. A.1(b)) shows that the energy of the
P-wave exceeds that of the noise between approximately 0.1 and 11 Hz.

The second event, with a magnitude of M, 6.3 and an epicentral dis-
tance of 76.08° (Fig. A.2(a)), exhibits a lower SNR. As in the previous
case, the trace shows the P and S arrivals and the selected windows for
noise and P-wave coda. Here as well, the P-wave coda window is 200-
s-long. Fig. A.2(b) shows a noticeable amplitude difference between
signal and noise in the [0.5, 1] Hz range, although it is much less
pronounced than for the first event. At other frequencies, the energy
levels of the noise and the P-wave are similar in magnitude. Despite
the differences in SNR, the energy of the signal is sufficiently high
compared to that of noise for a frequency range of [0.5, 1] Hz.

Appendix B. Stability of the single-station linear stack

We evaluated the stability of the linear stacking procedure at the
single-station level by performing a subsampling (bootstrapping) anal-
ysis of autocorrelations. To this end, we selected station GSO1 as a
representative example. This station comprises a total of 238 selected
seismic traces, yielding 238 autocorrelation functions. All available
autocorrelations were used to compute their linear stack, hereafter
referred to as the reference stack.

To assess the stability of the stacked signal, we generated an en-
semble of subsampled stacks by randomly selecting 60 autocorrelations
from the full dataset. This procedure was repeated 60 times, yielding
60 independent subsampled linear stacks. Each realization includes
less than one quarter of the available data, making this a stringent
bootstrap test. Each subsampled stack, as well as the reference stack,
was normalized by its maximum absolute amplitude to enable direct
comparison of waveform similarity (Fig. B.1). Visual inspection indi-
cates a high degree of similarity between the main features observed
in the reference stack and those obtained from the subsampled stacks.

To quantify the differences between the subsampled stacks and the
reference stack, we computed the mean absolute error (MAE) in the
time domain. First, the MAE was calculated sample by sample, yielding
a time-dependent error curve shown in Fig. B.2. The maximum sample-
wise MAE reaches a value of 0.0145. In addition, when averaging over
all time samples and all subsampled stacks, the resulting global MAE is
0.00398. The corresponding root mean square error (RMSE) is 0.00561.

The low MAE and RMSE values indicate that the linear stack is sta-
ble under random subsampling of the available autocorrelations. Given
the stringent nature of this bootstrap test, in which some individual
subsampled stacks may lack specific events present in the reference
stack, the consistency observed across realizations provides strong ev-
idence for the stability of the stacking procedure. Since stacking over
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Fig. A.1. (a) The trace corresponding to the vertical component of an event that occurred in Santiago del Estero (Argentina), recorded by station GS17. Green
vertical lines delineate the arrivals of the P and S phases. The blue section indicates the time window considered for extraction of the P-wave coda, while the
red section highlights the noise time window utilized for spectral comparison. (b) A log-log scale plot of the amplitude spectra derived from the P-wave coda
window (blue) and the noise window (red), illustrating the energy distribution across frequencies within these selected time windows.
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Fig. A.2. As in Fig. A.1 but an event that occurred in South Sandwich Islands.

a large number of events ensures a more complete and reliable repre-
sentation of the signal, this result implies that the final stack using all
available autocorrelations is particularly robust. These results further
demonstrate that the stacked autocorrelation signal is not dominated
by a small subset of traces, but instead reflects a coherent contribution
from the dataset as a whole, yielding a waveform consistent with the
reference stack solution.

Appendix C. Velocity-model sensitivity

We conducted a velocity-model sensitivity analysis to evaluate the
impact of velocity uncertainties on the time-to-depth conversion of the
phase-weighted stacking (PWS) resulting trace. To this end, we consid-
ered perturbations of the velocity model adopted in this study, hereafter
referred to as the reference model. We generated an ensemble of 50
perturbed velocity models by randomly modifying the P-wave velocity
of the reference model within +5% at all depths. Each perturbed model
was then used to convert the final PWS signal from time to depth (Fig.
C.1).

We evaluated the uncertainty by computing the absolute depth
deviation between the reference model and each perturbed model for
every sample of the PWS. These deviations were then averaged across

10

the ensemble of perturbed models. The resulting mean deviations for
each depth, relative to the reference model, are shown in Fig. C.2.

As expected, the deviation increases with depth due to the cumu-
lative effect of velocity uncertainties. The maximum average deviation
is observed at the greatest investigated depths (> 700 km), where it
reaches values of about 5.21 km. Even at these depths, the deviations
remain small compared to the absolute depth scale of the investigated
structures. When averaging over all samples and all perturbed models,
the resulting mean absolute depth deviation is approximately 3.16 km.
Given that the applied +5% perturbation represents a relatively large
velocity uncertainty, particularly for global velocity models, these re-
sults indicate that the depth conversion is only weakly affected by
plausible velocity variations.

This sensitivity analysis demonstrates that the depth-domain results
are robust with respect to reasonable variations in the velocity model,
reinforcing the conclusion that velocity-model uncertainties do not
significantly affect the interpretation of the imaged reflectors.

Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.pepi.2026.107556.


https://doi.org/10.1016/j.pepi.2026.107556

E. Boero et al. Physics of the Earth and Planetary Interiors 375 (2026) 107556

S ———— e e
= = S = == <
> =5 = = > = = 2 3 = S
< = - = = < 2= 2 < - =g 3 =
= > = E > >
= < > > < > S >
= 2 = S < =3 == b=
< = = S <4 >SS 2 =
s > < = S
2 S 2 E 3 2 = 2
> 3 = = S = S 2 = S =
< < = < s < =S =S
2 < 3 < S =3
=

WY/

25 A
1533

A e
L)
MAA
AAAWNANMMAN
A A
\r N
AN
WV V
A
W V-VYV
AAMMANAAAAIRSW|

A
v
A
W
A
W
\
W
MAMAWS
A A
W
V
A
Vv
A A
W AW
A A
WV
|
VA VW
MW
AwAr-y
A
\
MM~
N
v
A
V
AMWA
W
AN
)
A AN
VW
! A
M
A}
AN
!
W/
A A
W WA
A AM
vy
A Ar\
V v
WA\
Al
V )
W/ Al
\ A
W W
A
v
AN
VWMWY
N

50 1 p 3 . 72T 13 : 2 g % 3
LER R - ¢ 23 . EEEEE $3% 3 :
=s5zsz3:= =z 2s35: 5283352 R £is iz $= E
() B < S 4
g0 L : 2 : H
E =

n

I |
Al
|

1754

—— Reference stack
200 | S S I [ S ——

Fig. B.1. Reference linear stack computed using all available autocorrelations (black), compared with subsampled linear stacks obtained from random subsets of
autocorrelations (colored).
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Data availability

Seismic waveform data from the SIGNET network (Original data) (In-
corporated Research Institutions for Seismology (IRIS))
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