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Abstract The fluid cycle in subduction zones prescribes large parts of its structure and seismogenic
behavior. Background seismicity inside the downgoing slab is linked to fluid release from dehydration
reactions, whereas fluid overpressure along the plate interface can alter interplate coupling, megathrust
earthquakes, and the presence or absence of slow-slip events (SSEs) and tectonic tremor. We present a
high-resolution seismic tomography model of the Atacama segment in northern Chile, the only region along
the Chilean margin where SSEs have been observed. Using traveltimes from over 8,800 seismic events
determined using state-of-the-art algorithms (EQTransformer, PyOcto), we followed a staggered workflow
(VELEST, SIMUL2023) to derive consistent 1D, 2D and 3D models of P-wave velocity (Vp) and Vp/ Vs
ratios, achieving high spatial resolution in the upper continental crust, mantle, and downgoing slab. The
final 3D model reveals key features interpreted as subsurface fluid processes. High Vp/Vy (>1.80) appears
along the plate interface, with localized anomalies in the mantle wedge and lower continental crust. Regions
with deep seismicity (~80-100 km depth), notably around the Copiapé Ridge, exhibit zones of higher
Vp/ Vg ratios (>1.82) extending upward from the oceanic slab into the continental crust, which otherwise
shows lower Vp/ Vg ratios (<1.76). These observations reflect along-strike variations in dehydration-driven
fluid release accompanied by microseismicity. Liberated fluids ascend into the mantle wedge and updip
along the slab surface, where they may influence SSEs. Our results provide new constraints on

possible fluid pathways and crustal heterogeneity, highlighting the role of fluids in modulating
seismogenic processes.

Plain Language Summary At the Atacama segment in North-Central Chile, a region that has not
experienced a major earthquake in over 100 years, we detected 30,000 micro-earthquakes, many more than in
previous studies, using over 100 seismic stations. By identifying seismic wave arrivals, we can image the
Earth's lithosphere by creating a three-dimensional model of P- and S-wave velocities (Vp, V) and the Vp/ Vg
ratio. This helped us to uncover structures that influence seismic waves between the earthquake sources and
seismic stations. Our findings show that fluids might infiltrate from the ocean into the oceanic Nazca Plate,
where they are transported during subduction and released under certain conditions. This process

generates seismicity at different depths. The presence of released fluids in the crust and mantle is
interpreted by high Vp/Vy ratios. The fluids follow pathways seeking favorable conditions to move
upward and accumulate, potentially triggering slow slip events (SSE), non-destructive slow aseismic slip at
the plate interface, previously recorded around Copiapd. Additionally, we observed that the South
American continental crust varies in thickness and structure from north to south, with fragmented areas
that may be linked to ancient boundaries, which could facilitate fluid migration and contribute to the
formation of shallow mineral deposits.
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1. Introduction

The circulation of fluids through the different parts of a subduction system are broadly considered as a major
influence on the dynamics of the subduction zone (e.g., Faccenda, 2014). Water commonly enters oceanic plates
at the mid-oceanic ridge as well as in the outer rise region of a subduction zone, where bend faulting leads to the
opening of fluid pathways potentially deep into the lithospheric mantle (Ranero et al., 2003). Its infiltration leads
to the formation of hydrous mineral phases that contain water bound in their crystal lattice, among them clay
minerals such as smectite in sediments, amphiboles in the oceanic crust, or serpentines (lizardite, chrysotile,
antigorite) in the oceanic mantle lithosphere (Faccenda, 2014). Upon subduction of the oceanic plate, these
hydrous minerals gradually break down when exposed to increasing pressures and temperatures, thereby releasing
the bound water. This occurs below the shallow plate interface for the water bound in subducting sediments,
whereas the dehydration of oceanic crust and mantle extends to significantly larger depths (Riipke et al., 2004),
depending on the thermal state of the oceanic lithosphere (van Keken et al., 2011), and is considered to be linked
to the occurrence of intermediate-depth seismicity (e.g., Peacock, 2001; Zhan, 2020).

Water that gets released below the plate interface is thought to accumulate there or to move upwards along the
interface, as the entry into the upper plate is usually prevented by an impermeable seal (Husen & Kissling, 2001).
This seal can, however, be fractured in places, for example, as the consequence of a large earthquake, allowing
fluid ascent into the upper plate (Ma et al., 2022). Fluid presence along the plate interface is, together with fault
unclamping (Scholz, 1998), thought to be directly linked to frictional heterogeneity, and thus possibly responsible
for high fluid overpressure correlating with low interplate coupling (Moreno et al., 2014). Aseismic deformation
as well as the occurrence of earthquake swarms have likewise been linked to regions of increased fluid presence
along the megathrust (Marsan et al., 2023; Nishikawa & Ide, 2017). At depths below the seismogenic megathrust,
fluids can enter the overlying mantle wedge, effecting the partial serpentinization of its cold outermost corner
(Hyndman & Peacock, 2003). The large fluid volumes that get released from the deeper part of the slab rise
through the hot mantle wedge, which leads to partial melting and contributes to the arc volcanism in the upper
plate (Tatsumi, 1989).

As they link many important processes in active subduction zones, a more detailed mapping of fluid pathways and
processes is essential for improving our understanding of subduction systems. One way to directly image fluids is
via local earthquake tomography, where the ratio between P- and S-wave speeds (Vp/Vy) is highly sensitive to
fluids (e.g., Christensen, 1996, 2004). High V,/ Vg values are thus conventionally interpreted as indicating the
presence of fluids, whether as free aqueous fluids stored in pore and crack spaces, or structurally bound in hydrous
minerals such as serpentine (e.g., Christensen, 2004; Hacker et al., 2003). In this study, we present a high-
resolution local earthquake tomography study of North-Central Chile, using data from the first large-scale
dense seismometer network in this region. The Atacama segment appears to be the only part of the Chilean
margin where deep slow-slip events (SSEs), which are common in other subduction zones such as Cascadia or
New Zealand (Schmalzle et al., 2014; Wallace, 2020), have been observed (Klein, Duputel, et al., 2018). As SSEs
are commonly linked to fluid processes along the plate interface, understanding the fluid abundances and
pathways in the Atacama segment may provide clues as to why SSEs occur here but have not been observed along
the rest of the margin so far. Our results illuminate the distribution of fluids and their potential pathways in the
region at higher resolution than previous studies, offering new cases of spatial correlation with the occurrence of
intermediate-depth earthquakes, the influence of subducting seafloor features and the link between fluid processes
and SSEs.

2. Study Area

The Atacama segment of the Chilean margin is delimited by the towns of Caleta El Cobre to the north and Tongoy
to the south (Figure 1). Its large-scale tectonics are driven by the subduction of the Nazca plate under the South
American plate at a rate of 65-67 mm/yr (Angermann et al., 1999). On the subducting Nazca plate, with age
ranging from South to North from 40 to 50 Ma, two major bathymetric features, the Taltal Ridge (~25.5°S) in the
north and the Copiap6 Ridge (~27°S) further south, comprise discontinuous seamount chains, generated in an
“off-ridge” hotspot setting (Bello-Gonzélez et al., 2018). These seamount chains, with an estimated age of
~10 Ma (Bello-Gonzalez et al., 2018), have been proposed to act as seismic barriers, playing a role in the seg-
mentation of the margin (Contreras-Reyes & Carrizo, 2011; Molina et al., 2020; Sparkes et al., 2010). Both have
been studied by amphibious refraction seismic imaging across the trench and down to ~25 km depth (Warwel,
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Figure 1. Tectonic setting of the study area. The colored dots indicate microseismicity as observed by Gonzalez-Vidal

et al. (2023); the shallow yellow clusters denote mining activity. The vertical black bars on the left show the estimated extent

of historical earthquake ruptures (modified from Beck et al. (1998) and Ruiz and Madariaga (2018)). The traces of the
Copiap6 and Taltal Ridges are bounded by black dashed lines. Orange triangles represent the distribution of active volcanoes.
The black barbed line offshore represents the trench, and the green dashed lines indicate depth contours of the slab surface
from the SLAB2 model (Hayes et al., 2018). Black solid lines show fault systems mapped by Santibaiiez et al. (2018), taken
from Cortés-Aranda et al. (2022). The main traces of the Atacama Fault System and the Domeyko Fault System are referred

to as AFS and DFS, respectively. Offshore dark red contours show highly locked (>0.7) regions after Gonzalez-Vidal

et al. (2023). Green contours around 27.5°S mark the slow slip event described by Klein, Duputel, et al. (2018). Light-green
contours mark the 2023 shallow slow slip event described by Miinchmeyer, Molina-Ormazabal, Radiguet, et al. (2025).
Bathymetry and topography from GEBCO Bathymetric Compilation Group (2023). White dotted lines indicate sea-floor age
isochrones at 1 Ma intervals from Miiller et al. (2019) and Seton et al. (2020). Convergence vector from DeMets et al. (2010).
The inset shows the location of the study area.
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Lange, Dannowski, Contreras-Reyes, et al., 2025; Warwel, Lange, Dannowski, Klaucke, et al., 2025). The
Copiap6 Ridge is also the only site along the Chilean margin where repeating deep slow-slip events (SSE) have
been detected (Klein, Duputel, et al., 2018). A first event observed in 2014 was followed by a recurrence in 2020
(Klein et al., 2021; Molina-Ormazabal et al., 2025), and additional studies have shown the presence of earthquake
swarms in the region (Miinchmeyer, Molina-Ormazabal, Radiguet, et al., 2025; Ojeda et al., 2023). At greater
depths, the Nazca slab maintains a relatively shallow dip, gradually flattening toward the southern end of the
Atacama segment, marking the transition into the Pampean Flat slab region (Ramos et al., 2002). The continental
crust of the South American plate has a thickness of around 40 km in the forearc (Husen et al., 2000; Leon-Rios
et al., 2024) and up to 60 km in the arc region (e.g., Alvarez et al., 2015), with a general tendency of thinner crust
toward the south. The forearc basement in northern Chile is largely composed of Mesozoic volcanic and plutonic
rocks, and associated Jurassic to Early Cretaceous granitoids, overlain by Cenozoic sedimentary sequences of
limited thickness (Oliveros et al., 2007). Offshore, seismic and dredging data (e.g., Patzwahl et al., 1999; von
Huene & Ranero, 2003) indicate that the sedimentary cover along the continental slope rarely exceeds 0.5 km,
confirming a sediment-starved margin dominated by crystalline basement. This setting results from the extremely
low input of terrigenous sediments into the trench, mainly due to long-term hyperarid conditions along the
Atacama Desert (Kukowski & Oncken, 2006). Active crustal faults in the forearc are preferentially oriented N-S,
and include the Atacama Fault System (AFS) to the west and Domeyko Fault System (DFS) in the eastern part of
the forearc (Santibafiez et al., 2018).

Seismically, the Atacama segment of the Chilean margin in the southern part of our study region (26—30°S) is
considered a major seismic gap, with the last megathrust My, ~ 8.5 earthquake in 1922 (Beck et al., 1998; Ruiz &
Madariaga, 2018; Vigny et al., 2024) (Figure 1). In the north, around 24°S, the 1995 M, 8.0 Antofagasta
earthquake (Ruegg et al., 1996) was the last major megathrust earthquake. Plate interface coupling maps derived
from geodetic data show an overall highly locked plate interface in the region (Gonzalez-Vidal et al., 2023; Klein,
Metois, et al., 2018; Métois et al., 2014; Metois et al., 2016), highlighting the hazard potential of the segment.
When considering smaller-scale seismicity, the Atacama segment appears as a region of low seismicity rates in
national catalogs (Potin et al., 2025). However, this apparent low activity may, at least in part, reflect limitations
in catalog resolution due to past station coverage. Recent results obtained from dense temporary deployments
(e.g., Gonzélez-Vidal et al., 2023; Miinchmeyer, Molina-Ormazabal, Marsan, et al., 2025; Warwel, Lange,
Dannowski, Contreras-Reyes, et al., 2025) have revealed tens of thousands of microearthquakes that remain
undetected in routine national or global catalogs. Generally, seismicity in the upper crustal faults is scarce
(Metcalf & Kapp, 2015), whereas large amounts of background seismicity are seen in the slab and along the plate
interface. Swarm-like episodes of seismicity on the plate interface have been observed in 1973, 1976, 2006, 2020
(Comte et al., 2002; Holtkamp et al., 2011; Marsan et al., 2023; Miinchmeyer, Molina-Ormazabal, Radiguet,
et al., 2025; Ojeda et al., 2023) and were interpreted as the signature of aseismic processes related to the plate
interface. In the same region, significant seismicity also occurs 20 km below the subduction interface, such as an
My5.9 steep normal-faulting earthquake on 4 April 2023 (Warwel, Lange, Dannowski, Contreras-Reyes,
et al., 2025); the mechanism of this earthquake could be related to slab pull or bending stresses in the upper part of
the elastic slab lithosphere. Although double Benioff zones have been documented locally in northern Chile
(Bloch et al., 2014; Dorbath et al., 2008; Sippl et al., 2018), such structures are generally not clearly resolved in
routine global catalogs. So far, no systematic activity of low frequency earthquakes (LFEs) or tremors could be
detected in the area (Miinchmeyer, Frank, et al., 2025), except potentially, for a few isolated events (Pastén-Araya
et al., 2022).

3. Methodology

3.1. Seismic Data

Our study area extends from ~24.5°S to 29.2°S and from ~72°W to 69°W. We used earthquake locations as well
as P- and S-wave arrival times from an updated version of the catalog of Gonzalez-Vidal et al. (2023), which
contains a total of 33,748 events (Figure 1) composed of 507,037 P- and 458,002 S-wave picks. This catalog spans
the time interval from November 2020 to December 2022, during which the ANILLO (Y6) (Tilmann et al., 2021)
and ISTerre (XZ) (Socquet et al., 2020) temporary seismic networks were in operation. In addition, permanent
stations from the national Chilean network (C, C1) (Universidad de Chile, 2012), the Integrated Plate Observatory
Chile (GFZ German Research Centre For Geosciences & Institut Des Sciences De L’ Univers-Centre National De
La Recherche CNRS-INSU, 2006) and the GSN (Albuquerque Seismological Laboratory/USGS, 1988) were
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Figure 2. Topographic map showing the distribution of seismic stations and events selected for the tomographic inversion.
Diamonds show permanent stations, and inverted triangles show temporary seismic stations. Black dots correspond to the
selected events for the tomographic inversion. Blue crosses denote the grid nodes of the inversion, with the different profile
names labeled in white. Bathymetry and topography from GEBCO Bathymetric Compilation Group (2023). White dotted
lines indicate sea-floor age isochrones at 5 Ma intervals from Miiller et al. (2019) and Seton et al. (2020). Convergence vector
from DeMets et al. (2010).

used, leading to a dense coverage of the study area by a total of 104 seismic stations (see Figure 2). The catalog
was obtained with an automated approach, using the deep learning-based phase picker EQTransformer (Mousavi
et al., 2020), integrated in SeisBench (Miinchmeyer et al., 2022; Woollam et al., 2022) and the phase associator
PyOcto (Miinchmeyer, 2024).

The data set that accompanies this publication represents a significant advance over previous seismological
imaging efforts in the Atacama segment. Earlier tomographic studies in northern Chile relied on comparatively
sparse permanent networks (e.g., Gao et al., 2025; Klein et al., 2021) or on regional-scale temporary deployments
with limited density (e.g., Pastén-Araya et al., 2022). In contrast, our combination of dense temporary (Y6, XZ)
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and permanent networks provides substantially improved spatial sampling across the forearc and slab. Specif-
ically, the updated catalog used here builds upon Gonzéilez-Vidal et al. (2023) by extending the analysis period
and by re-associating arrivals with PyOcto, whose superior performance relative to earlier associators has recently
been demonstrated by Puente Huerta et al. (2025). As a result, our data set contains a significantly higher pro-
portion of well-constrained P- and S-wave arrivals, leading to improved pick accuracy, event quality and quantity,
and ray coverage. Additionally, our catalog complements that of Miinchmeyer, Molina-Ormazabal, Marsan,
et al. (2025), which focuses on the seismotectonic characterization of the Atacama segment. While both studies
rely on a similar framework, our workflow is explicitly optimized for tomographic purposes, prioritizing pick
accuracy, S-P differential times, and the selection of well-located earthquakes suitable for resolving 3D velocity
structure. These advances provide a substantially enhanced and purpose-optimized foundation for high-resolution
local earthquake tomography in the Atacama segment.

3.2. Tomographic Inversion

We followed a staggered approach to invert for subsurface wave speeds (see, e.g., Haberland et al., 2009; Sippl
et al., 2013; Hicks et al., 2014; Lange et al., 2018). After an initial inversion for a minimum 1D model, we first
inverted for Vp and Vp/ Vg 2D models before obtaining the final 3D high-resolution model.

For retrieving the minimum 1D velocity model, we followed the strategy proposed by Kissling et al. (1994). The
study volume was subdivided into small voxels outlined by 18 X 18 X 15 km in latitude, longitude, and depth,
respectively, and then 984 candidate sources, distributed among the voxels, were selected based on the criteria of
RMS residual <1.8 s, more than 20 arrival times (with at least 4 S picks), and an azimuthal gap smaller than 270°.
Subsequently, starting from the 1D velocity model of Husen et al. (1999) and a homogeneous Vp/ Vg ratio of 1.76
(Figure S1 in Supporting Information S1) estimated from analysis of the Wadati diagram, we simultaneously
inverted for velocity model, hypocentral parameters and station corrections, obtaining an updated 1D velocity
model using VELEST (Kissling et al., 1994). Following this, the hypocenters were relocated and a high-quality
subset was retained, consisting of events meeting stricter criteria: RMS residual <0.15 s, more than 24 arrival
times (with at least 8 S picks), and an azimuthal gap smaller than 240°. This selection, following the recom-
mendation of Koulakov (2009), helped us retain high-quality events that provide valuable ray coverage and
enhance path diversity, particularly from the western seismogenic zone and deep seismicity toward the less
instrumented eastern side of our network, reaching the arc region. For a detailed view of the azimuthal distri-
bution, refer to Figure S4 in Supporting Information S1. The relatively high azimuthal gap value improved our
results by allowing the inclusion of valuable crossing rays from the shallow western and deeper eastern parts of
the network, and achieve a more balanced sampling despite the asymmetric network geometry. The resulting
raypath distribution can be observed in Figure S7 in Supporting Information S1. This resulted in a subset of 457
events distributed within the study volume, comprising 8,106 P-, and 6,814 S-wave arrival times, that were then
used in a simultaneous inversion for the final minimum 1D V, and Vp/ Vg velocity models, hypocentral pa-
rameters and station corrections. All 33,748 events from the initial catalog were then relocated using this min-
imum 1D velocity model (Table S1 in Supporting Information S1). Although this model provides a large-scale
average, it is predominantly representative of the upper-plate forearc domain, as this is the region with the
highest raypath density, extending from the coastline to ~150-180 km from the trench. To place our 1D velocity
model in a broader context, we compare it with previously obtained velocity models along the Chilean subduction
zone in Figure S33 in Supporting Information S1.

For the 2D and 3D inversions, a subset of 8,804 events was selected (A detailed description of the methodological
procedure to obtain the 2D Vp and Vp/ Vs models is provided in Text S2 of Supporting Information S1). These
events include 193,050 P-wave and 135,438 S-wave arrival times. The events were filtered based on hypocentral
parameters, selecting only those with RMS < 1.5 s, more than 25 arrival times (with at least 10 being S-P dif-
ferential times), and azimuthal gap smaller than 260°. Special attention was given to the sources, particularly near
the trench and mining areas. Events close to the trench were excluded (only 15 events closer than 20 km), as well
as those within a 20 km radius (and being shallower than 20 km) of recognized mining sites (obtained from
Sociedad Nacional de Minerfa (2023)). The well-established code SIMUL2000 (Eberhart-Phillips &
Michael, 1998; Thurber & Eberhart-Phillips, 1999) in its latest, updated version SIMUL2023 (Eberhart-Phillips
et al., 2024) was used for 2D and 3D inversion. It uses the iterative damped least squares method to invert for the
two- or three-dimensional velocity structure of Vp and Vp/ Vg based on observed P- and differential S-P travel
times, and employs a pseudo-bending ray tracing method (Um & Thurber, 1987) for the forward calculation of
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travel times. In the 3D model, grid nodes are oriented perpendicular to the margin (Figure 2) along 23 profiles.
Along each profile, the horizontal node spacing is 10 km across most of the study area, whereas the spacing
between adjacent profiles is 25 km. Vertical spacing between grid nodes is 5 km at shallow depths (0-10 km),
increasing to 10 km below 10 km depth and even larger values below 100 km depth. Using the 2D model as a
starting model, the 3D inversion was first carried out for V only, with fixed Vp/ Vg ratios. In a second run, Vp was
then kept fixed, and V,/ Vg was inverted for. In both cases, the ideal choice of damping value was determined by
the analysis of trade-off curves between data and model variance (Eberhart-Phillips, 1986; Haberland
et al., 2009). Following the separate inversions, a final run, in which both Vp and V,/ Vg were allowed to vary
simultaneously, was performed. In this step, station corrections were applied to improve the accuracy of the
model. After 15 iterations of this last inversion, we achieved an overall RMS residual of 0.098 s, which is a
reduction of 30.4% compared to the 2D model.

Finally, we conducted a two-step relocation process. Starting with the initial catalog, which had an RMS of 0.25 s,
we first performed an absolute relocation of the entire earthquake catalog using the 3D model in SIMUL2023.
This provided updated hypocenter locations that accounted for three-dimensional variations in seismic wave
speeds, reducing the RMS to 0.12 s (a decrease of ~51%). We then applied a relative relocation with hypoDD
(version v2.1beta - 06/2012; Waldhauser and Ellsworth (2000)) using the minimum 1D velocity model. This
relative relocation returned a RMS of 0.093 s for the double-difference residuals in the 1D model. The final
relative hypocenters are shown in Figures 4 and 5.

4. Resolution Assessment
4.1. Checkerboard Tests

To evaluate the resolution capacity of the tomographic inversion, we conducted a range of synthetic tests. First,
we ran standard checkerboard tests for both V and Vp/ Vg with 7.5% velocity perturbations over the depth range
10-100 km, with one checker encompassing either 1 X 1 X 1 or 2 X 1 X 2 grid nodes. The +7.5% amplitude was
selected because it reflects the order of magnitude of velocity contrasts expected in the area, such as those
associated with upper-lower crustal variations and crustal-mantle transitions. Gaussian noise was added to the
synthetic travel time data, with standard deviations ranging from 0.05 to 0.2 s, reflecting pick uncertainties
defined by the quality classes in Table S2 in Supporting Information S1. We inverted the perturbed travel times
employing the same procedure used to obtain our velocity models, which includes relocation of the seismic events
at each inversion step.

For the checkerboard tests with 1 X 1 X 1 anomalies (Figures S8—S11 in Supporting Information S1), the south-
central region of the study area demonstrates better resolution, with the highest resolution for the Vp inversion
observed in the central part at depths between 5 and 100 km. Laterally, the resolution remains good between 50
and 200 km from the trench. In contrast, the Vp/ Vs ratios are considerably less well resolved across the entire
study region. The resolved area covers depths between 5 and 80 km and extends laterally between 60 and 180 km
from the trench. Strong smearing is evident outside of this region, due to limited ray coverage and sub-optimal
receiver distribution, resulting in poor recovery of the initial checkerboard pattern.

Checkerboards with larger anomalies (2 X 1 X 2 nodes) yield improved results (see Figure 3. For a detailed view
of all cross-sections and depth cuts, refer to Figures S12-S15 in Supporting Information S1). As in the previous
test, the central and southern parts of the study area show the best-recovered regions. In these zones, the Vp
inversion successfully retrieves anomalies down to depths of 115 km and laterally between 20 and 250 km from
the trench (Figure 3, upper panels). For V/ V ratios (Figure 3, lower panels), the well-recovered region extends
laterally from ~40-50 km to ~220 km from the trench and reaches depths of up to 100 km.

To identify resolved regions for subsequent plots, we analyzed the correlation between the inversion results
against the initial synthetic checkerboard patterns. Areas were classified as resolved based on the following three
main criteria: (a) the recovered polarity matches that of the input model, (b) the recovered amplitude is greater
than one-third of the original input amplitude, and (c) a final visual inspection to ensure consistency. If conditions
(a) and (b) were met but the result appeared visually inconsistent, the amplitude threshold was increased to
improve reliability. This combined approach ensured that only well-constrained regions were considered in the
final interpretation. Nevertheless, even in areas classified as resolved, we exercised caution and avoided over-
interpreting features near the borders of the resolved zones, where resolution typically degrades and artifacts such
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Figure 3. 3D synthetic checkerboard models with anomalies of 2 X 1 X 2 node size for V (upper panels) and Vp/ Vg (lower
panels) inversions. Cross-sections are shown on the left; depth cuts (map view) on the right. Figures show the recovered
structure from initial patterns with amplitudes of £7.5%, for Vp and Vp/ V ratios. The synthetic travel times were perturbed
by adding random Gaussian noise with a standard deviation between 0.05 and 0.2 s, corresponding to the assigned quality levels
for each pick. For cross-sections: The coastline is marked by an inverted blue triangle. Red inverted triangles indicate seismic
stations. Topography from GEBCO. Black bottom labels indicate the profile and latitude. Maroon lines surround regions that
are have sufficient resolution according to spread value threshold, see Section 4.2. For map views: Solid black lines denote the
political border of Chile. White crosses mark the node distribution. Upper black label indicates the depth. All other cross-
sections and map views are shown in Figures S8-S15 in Supporting Information S1.

as smearing may occur. As a consequence of this resolution assessment, we mainly analyze and interpret features
that correspond to the size of the 2 X 1 X 2 checkerboards in this study.

4.2. Spread Values

Additionally, we evaluated the spatial resolution of the inversion using the Spread Function of the resolution
matrix (SF; e.g., Toomey & Foulger, 1989), which quantifies the compactness of the averaging kernels around
each node. The corresponding SF values for both the Vp and Vp/ Vg models are shown in Figures S16-S19 in
Supporting Information S1 in cross-sections and iso-depth map views, where lower spread values indicate better-
resolved regions.
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Figure 4. 3D velocity model plotted along five cross-sections (northern part), sorted from north to south. For each profile, the
profile label code (as in Figure 2) and latitude at the center of each profile are found in the bottom left corner. Regions with
low resolution according to spread values higher than 3.5 (see Section 4; Figures S8—S19 in Supporting Information S1) are
shaded. The coastline location is denoted by the inverted blue triangle. Topobathymetry from GEBCO. The red inverted
triangles represent seismic stations within a 100 km-wide swath window (£50 km for each profile). Black dots depict the
final relocations of the seismicity within a 25 km swath window around the profile. Black solid line represents our proposed slab
surface model (see Text S1 and Figure S27 in Supporting Information S1). The dashed black line marks the ~7 km-thick oceanic
crust beneath the slab surface. Black and white dashed lines delineates the continental seismic Moho proxy, corresponding to the
vertical gradient in which P-wave speeds increase from 7.2 to 7.6 km/s. The green line in P11 V/ Vg profile (and P13 in the next
figure) represents the location of the SSE (Klein, Duputel, et al., 2018) along the proposed interplate contact. The black “Y”’s
mark known mining operations, black crosses indicate surface traces of crustal faults (Santibafiez et al., 2018). Black labels
denote high or low anomalies. Anomalies assigned the same number but differentiated by subscripts (e.g., H3,, and H3,)
indicate laterally extensive features across multiple profiles.

A threshold of 3.5 for the spread values was selected to discriminate between regions with high and low reso-
lution, and the spread value is now superimposed on all velocity models. The threshold was carefully determined
based on the consistency between the checkerboard recovery patterns (Figure 3 and Figures S8—S15 in Supporting
Information S1), the ray coverage distribution (Figures S7, S20, and S21 in Supporting Information S1), and the
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Figure 5. 3D velocity model plotted along four cross-sections (southern part). The light green line in Profile P13 (and Profile
P12 in Figure S26 in Supporting Information S1) represents the location of the 2023 Shallow SSE (Miinchmeyer, Molina-
Ormazabal, Radiguet, et al., 2025) along the proposed interplate contact. All other plot features as described in the caption of
Figure 4.

spread value (Figures S16—-S19 in Supporting Information S1). This conservative but robust criterion was applied
to mask poorly constrained areas (in gray), ensuring that only features within the well-resolved area are inter-
preted and discussed.

5. Results

The retrieved three-dimensional velocity models (V and Vp/Vy) are presented as margin-perpendicular cross-
section plots along nine profiles in Figures 4 and 5. The final relocated seismicity is displayed together with the
velocity structure. We will first describe our findings for the downgoing plate, including the plate interface region,
then move on to the upper plate.

5.1. Downgoing Plate and Plate Interface Region

The subducting oceanic plate is imaged from a starting depth of ~20 km and exhibits an uppermost layer
characterized by crustal Vp values (~6.9—7.5 km/s), with a vertical thickness of 5-10 km (Figures 4 and 5). It is
present to a depth of ~60 km at all profiles, and disappears or thins at larger depths, especially in the north. Its V
values are largely indistinguishable from the overlying continental crust, whereas a sharp velocity jump occurs at
the oceanic Moho, where Vp quickly increases to >7.8 km/s and then gradually increases with depth. This
thickness is consistent with the expected depth of ~7 km below the plate interface reported by Warwel, Lange,
Dannowski, Contreras-Reyes, et al. (2025) and Warwel, Lange, Dannowski, Klaucke, et al. (2025). Accordingly,

HERNANDEZ-SOTO ET AL.

10 of 24

850801 SUOWILIOD SAITER.1D) 3(ced![dde 3Ly Aq peuenob a1e 9l YO ‘8SN JO Sa|NJ 10} Aleiq1T8UIUO AB]IAN UO (SUORIPUOO-PUE-SWS)W0D" A IM" AReiq Ul Uo//:ScL) SUORIPUOD pue swie | 81 88s *[9202/v0/22] Uo ARiqiTauliuo A8 |IM ‘Z49 wepsiod wniueZz-z)oyw pH Ad £8T2e08rS202/620T 0T/10p/woo" A i Areiqijeul|uosqndnBey/:sdiy wouj pepeojumod ‘f ‘9202 ‘9566912



NI Journal of Geophysical Research: Solid Earth 10.1029/2025JB032183

ADVANCING EARTH
AND SPACE SCIENCES

at depths of <50 km, the 7.5 km/s iso-velocity contour (dashed black line in Figures 4 and 5) best approximates
the slab Moho. The velocity structure of this crustal layer is consistent with the subducting oceanic crust imaged to
depths of up to ~25 km by Warwel, Lange, Dannowski, Contreras-Reyes, et al. (2025) and Warwel, Lange,
Dannowski, Klaucke, et al. (2025) near Copiap6 and Taltal. Their velocity models show a comparable thickness;
however, they resolve lower Vp (3.5-6.5 km/s) values for a ~2 km-thick oceanic upper crust, whereas our model
predominantly images higher velocities (6.9-7.5 km/s), that are more representative of the oceanic lower crust.
This difference likely reflects the resolution limit of our model and, potentially, the onset of metamorphic
transformations at depths >25 km. The deepening and lateral variations of this oceanic crustal feature are well
resolved in our 3D model due to the dense ray coverage, providing additional constraints at depths >40-50 km,
which are not well resolved by Warwel, Lange, Dannowski, Contreras-Reyes, et al. (2025) and Warwel, Lange,
Dannowski, Klaucke, et al. (2025). At these depths, our results reveal a heterogeneous oceanic mantle charac-
terized by isolated patches with V» > 8.0 km/s, which may be consistent with relatively dense mantle lithologies
such as peridotites (Christensen, 1996; W. Mooney, 2007). Although these heterogeneities may represent new
observations for the Atacama segment and could suggest along-strike and along-dip variations in the physical
properties of the subducting mantle, they should be interpreted with caution. In particular, the influence of deeper
less well-resolved nodes, together with locally limited resolution, may affect the recovery of such velocities.
Further investigation would therefore be required to better constrain the physical properties of the oceanic mantle
beneath the Atacama segment.

Vp/ Vg ratios show, to first order, a similar behavior, with high Vp/Vg (>1.78) in the uppermost part of the
downgoing slab and substantially lower V»/ Vg (<1.74) in deeper parts of the slab. For reference, typical Vp/ Vg
values are ~1.79-1.89 for oceanic crust, and ~1.77-1.84 for oceanic mantle (Christensen, 1996; Graeber &
Asch, 1999; Hacker et al., 2003). However, in our model, the high-V,/ V layer appears to extend deeper into the
slab (thickness of up to 20 km) than the low P-wavespeeds, and it does not thin or disappear toward greater depths.
This layer exhibits considerable heterogeneity, with localized V/ Vg peaks (~1.84-1.88) observed between 30
and 40 km depth, sometimes as deep as 60—70 km (Profiles P5, P7, P11, P18).

The two-years-long recorded seismicity along and inside the downgoing plate defines two to three planes that are
parallel to the slab's dip, predominantly situated between 50 and 200 km from the trench (Figures 4 and 5). A first
alignment of seismicity is prominent along the plate interface at depths of 20—40 km, and will be named hereafter
the interplate seismicity plane. At approximately 7-8 km below the plate interface, a second alignment of
seismicity is apparent. This second plane concentrates most of its activity directly beneath where the plate
interface seismicity is present, but also extends to greater depths, although events are less numerous there. A third,
deeper plane of seismicity occurs at >20 km below the plate interface. It is only present in some profiles
(e.g., Profiles 7,9, 11, 13, 16), and is most visible at depths >70 km. The ~20 km spacing between the shallowest
and deepest planes is consistent with the Double Benioff Zone configuration for a ~45 Ma subducting plate
described by Brudzinski et al. (2007) and further documented by Sippl et al. (2018), confirming recent obser-
vations by Warwel, Lange, Dannowski, Contreras-Reyes, et al. (2025). A detailed comparison with previous
observations in and around the Atacama segment is provided in Text S3 of Supporting Information S1.

It is interesting to note that seismicity concentrations are generally surrounded by high-V,/Vy regions, partic-
ularly along the plate interface. Moreover, the second seismicity plane, which corresponds to the upper plane of
the double seismic zone, seems to be situated in the vicinity of the oceanic Moho.

5.2. Continental Crust and Mantle Wedge

In the continental crust, Vp values generally increase with depth from the surface toward the continental Moho.
The lowest Vp values (<6.0 km/s) are found in the uppermost 5 km, where localized anomalies of Vp < 5.4 km/s
are primarily observed offshore (e.g., Profiles P9 to P19) or toward the eastern end of the study region (~200 km
from the trench; Profiles P9, P11). Isolated patches of high Vp/Vy ratios (>1.78) are also common in this
shallowest layer, particularly around ~150 km from the trench, exceeding the typical Vp/ Vg values of ~1.72-1.77
expected for continental crust (Christensen, 1996; W. D. Mooney et al., 2025). They sometimes coincide with
notable clusters of shallow seismicity (e.g., Profiles P11 and P13, approximately 135 and 150 km from the trench)
that stem from regions of high mining activity.

Within ~50 km landward from the trench, in the shallower parts of the upper plate, high-Vp/ Vs ratios locally
extend upward from the plate interface into the offshore marine forearc crust (e.g., Profiles P11-P13 in Figures 4
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and 5). These anomalies occur updip of the shallow interplate seismicity and indicate that elevated Vp/ Vg values
are not restricted to the downgoing oceanic slab but locally penetrate the overriding plate.

At mid-crustal depths (15-30 km; e.g. W. D. Mooney et al., 2023), high P-wavespeeds of >7 km/s are found at
relatively shallow depths beneath the coastline and offshore (H1, and H2 in Profiles P7 and P16, respectively). In
contrast, Vp values decrease toward the east, down to 3040 km depth south of P5 (at 200 km from the trench),
where the continental crust is characterized by significantly slower velocities (Vp < 6.5 km/s). Several isolated
low-Vp anomalies are also found along the coastline (L1, L2a, L2b, and L2c in Profiles P3, P16, P18, P19,
respectively), where Vp/ Vg ratios remain low throughout the crust (<1.76). Onshore, high-V, anomalies are found
at depths of 40-60 km, often ~5-7.5 km above the lower (downdip) part of the plate interface background seis-
micity (H3a, H3b, H5a, and H5b in Profiles P7, P9, P16, P18, respectively; Vp7.8-8.2 km/s). These high-Vp
anomalies are co-located with patches of high V/ Vi ratios (>1.78) that appear to protrude a few kilometers into the
continental crust from the plate interface region, but do not have the same vertical extent as the high Vp anomalies.
Toward the eastern end of the well-resolved region, high-V/ V areas extend further upwards into the continental
crust. These high-Vp/ Vs zones appear more prominent and homogeneous in the southern profiles (Profiles P16,
P18, P19) and occasionally extend to shallow depths (<10 km; Profiles P5, P13, P16). In Profile P18, within this
depth range, a distinct high-velocity region (H5b) is present, which connects to high-Vp features within the oceanic
slab and shows a strong correlation with seismicity rising from the plate interface to the overriding plate.

We defined a zone bounding the plausible depth of the continental seismic Moho using the 7.2 and 7.6 km/s iso-
contours, indicated with white/black dashed lines in Figures 4 and 5. These contours correspond to the center of the
strongest vertical velocity gradients at the base of the continental crust and provide upper and lower bounds of a
plausible Moho proxy, thereby avoiding reliance on a single fixed velocity threshold in our tomographic model.
The sub-horizontal continental Moho is thus between 40 and 50 km depth east of ~150 km from the trench.
Where it intersects with the plate interface, it is situated significantly deeper, generally around ~55-60 km depth in
the central profiles (P8—P14), while this intersection tends to occur slightly shallower in the southernmost and
northernmost profiles (~42—45 km depth). Interestingly, in these central profiles, the vertical gradient is markedly
wider, in contrast with the nearly parallel boundaries that otherwise define the boundaries of plausible continental
Moho. Even when these depths locally exceed the average crustal thickness of ~40 km aforementioned, they likely
reflect lateral variations in the composition and structure of the crust-mantle boundary. One possible explanation is
that the continental Moho lies closer to the shallower bound of this interval, while comparatively lower Vp values in
the uppermost mantle result in a broader crust-mantle transition. Such variations may be influenced by the sub-
ducted seamounts of the Copiap6 Ridge, which could locally distort the crust-mantle boundary.

Lastly, localized high-V» anomalies (>8.3 km/s) are observed in Profiles P11, P13, and P16 (H6, H7, and HS,
respectively), along with low-V zones (7.5-7.8 km/s) that exhibit a heterogeneous structure at greater depths,
particularly in the south-central areas. These low-V, regions are usually found in close vicinity to the plate
interface. At depths greater than 50 km, high Vp/ Vg values extend from the plate interface in a more pervasive
way into the mantle wedge. The Vp/ Vy ratios in the upper mantle are consistently higher than in shallower areas,
ranging from 1.78 to localized peak values of ~1.84. The only exception is Profile P11 (I1), where isolated low
Vp/ Vg ratios (<1.74) are located between 60 and 70 km depth.

6. Discussion

In order to interpret our observations, we derived a new local slab surface geometry model by fitting a polynomial
surface to the relocated seismicity catalog, in a manner similar to Sippl et al. (2018). This new slab model, which
shows major differences from SLAB2 (Hayes et al., 2018) in some locations at depths beyond the megathrust, is
shown in our profile plots in Figures 4 and 5, together with a parallel line 7 km below that represents the
approximate location of the oceanic Moho for an assumed normal oceanic crust. For a detailed comparison
between our proposed slab geometry model, “NewSlab,” and the SLAB2 model, please refer to Supporting
Information S1, specifically Text S1 and Figure S27 in Supporting Information S1.

6.1. Imaging of the Oceanic Crust and Its Eclogitization

Absolute Vp values reveal a ~7-8 km thick layer with Vp ~ 6.7-7.4 km/s at the top of the downgoing oceanic
plate (Figures 4 and 5). The geometry of the interplate contact as well as the inferred oceanic Moho at depths of
~20-25 km along our Profiles P13—P14 and P3-P4 is broadly consistent with the active-source seismic results of
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Warwel, Lange, Dannowski, Contreras-Reyes, et al. (2025) and Warwel, Lange, Dannowski, Klaucke,
et al. (2025), except for the shallowest offshore portion, where our resolution is limited. The observed thickness is
consistent with the expected total thickness of normal oceanic crust. However, in contrast to the active-source
results of Warwel, Lange, Dannowski, Contreras-Reyes, et al. (2025) and Warwel, Lange, Dannowski,
Klaucke, et al. (2025), which resolve a ~2 km-thick low-velocity upper oceanic crust overlying a faster lower
crust, our local earthquake tomography does not resolve this internal subdivision. Instead, the imaged velocities
are dominated by values typical of lower oceanic crust, representing the upper bound of gabbroic velocities above
the Moho (e.g., Christeson et al., 2019; Grevemeyer et al., 2018), and compare well with offshore seismic results
to the north of the study area (e.g., Ranero & Sallares, 2004; Sallares & Ranero, 2005). We interpret the absence of
a distinct low Vp upper-crustal layer in our model primarily as a consequence of the limited vertical resolution of
our local earthquake tomography. Moreover, these velocities are also consistent with the constraints on the
oceanic lower crust derived from recent active-source seismic experiments conducted directly within the study
area. Locally, slight reductions in Vp (down to ~6.7 km/s) may instead result from fracturing associated with
pervasive plate bending. At depths of 70-100 km, the thin layer likely representing the oceanic crust disappears,
and is replaced with material of Vp > 8 km/s, similar to the oceanic mantle lithosphere below. The depth where
this occurs appears to become shallower toward the south (Figures 4 and 5). We interpret this observation as
evidence for the eclogitization of the basaltic and gabbroic rocks of the oceanic crust due to having been sub-
ducted into the pressure-temperature conditions of the eclogite stability field. Eclogite features seismic wave-
speeds highly similar to mantle lithospheric peridotite (e.g., Worthington et al., 2013), which often leads to the
disappearance of the oceanic Moho in receiver function images. However, we note that the vertical node spacing
of 10 km in our 3D model may limit our ability to resolve a thin remnant layer of oceanic crust only a few ki-
lometers thick that has not yet undergone complete eclogitization. In Yuan et al. (2000), for instance, the oceanic
Moho of the downgoing Nazca Plate vanishes at ~120 km depth in their profile situated at about 24.5°S,
consistent with our observed trend of northward deepening of this transition. In our northernmost profile, situated
about 100 km further south, velocities at the downdip edge of resolution (~95 km depth) have not reached values
above 8.0 km/s, which may indicate that the completion of the basalt/gabbro to eclogite transition is located
deeper. Similarly, Garth and Rietbrock (2017) demonstrated further north at ~23°S that a ~1 km-thick low-
velocity layer, interpreted as un-eclogitized oceanic crust, may persist to depths of at least 220 km, suggesting that
crustal transformation along northern Chile could be progressive and may extend well beyond the depths resolved
in our model.

6.2. Dehydration Reactions and Intermediate-Depth Intraslab Seismicity

The top of the downgoing Nazca Plate also shows elevated Vp/Vy ratios (>1.8), down to depths of 70-90 km,
which usually occur in the uppermost 10-15 km of the slab. At 50 km depth, the region of high Vp/ Vs is thicker
than the low-Vp layer at the slab top. It extends into the forearc crust of the upper plate, as well as into the mantle
wedge at depths greater than 50 km, and does not vanish with depth (Figures 4 and 5). We thus interpret this
widespread high Vp/ Vg anomaly as the presence of fluids that get expelled from hydrated minerals in the oceanic
crust and mantle lithosphere when these minerals undergo phase transitions. Such processes have been associated
with the generation of intermediate-depth intraslab seismicity (e.g., Hacker et al., 2003; Peacock, 2001;
Zhan, 2020). Our observation that the shallower band of intraslab earthquakes is situated in a high-Vp/ Vg
environment (>1.8), whereas the lower band is surrounded by rather low V,/Vy values (~1.72-1.78), is highly
similar to the findings of Tsuji et al. (2008) in NE Japan. In most of the central profiles (P5-P13), the high-V,/V
regions around the slab top exhibit their maximum values at shallow depths (20-50 km) as well as at depths
>70 km, with an area of weaker or no elevated Vp/Vy in-between. Intriguingly, this high Vp/ Vg distribution
pattern corresponds at first order to regions of highest earthquake density within the shallower band of intraslab
seismicity. The shallow intraslab events, located around the oceanic Moho, occur directly beneath the plate
interface seismicity and align with the lower edge of the shallow high-Vp/ Vs regions. Similarly, the deeper
intraslab seismicity is visible directly below the deeper high-V,/ Vy region in several profiles (Profiles P9, P11,
P13). As fluids released within the oceanic crust and sub-Moho mantle lithosphere are expected to rise (sub)
vertically along high-permeability pathways due to their buoyancy, we interpret these oceanic intra-crustal
high-Vp/ Vs regions as a result of dehydration reactions. These reactions, indicated by the presence of intra-
slab seismicity, result in fluid release and ascent (shown by the elevated Vp/ V ratios). The different regions of
seismogenesis at different depths could be due to dehydration reactions occurring first in the oceanic crust, and

HERNANDEZ-SOTO ET AL.

13 of 24

85Us017 SUOWWOD SAIERID 3(dedl|dde ayy Aq pausenob afe sapie YO 8sn Joss|n. 1oy Areiq13Ul|UO /8|1 UO (SUONIPUOD-PUR-SWBH WO A3 1M ATRIq U1 |UO//StHIY) SUORIPUOD PUe SWiB | 8U}88S *[9202/70/.2] U0 Aiqi8ulluO /8|1 ‘Z49 Wepsiod Wniuez-z)oyw pH Aq £8TZE08rs202/620T 0T/10p/L00 A8 im Areiq1jpuluo'sgndnbe;/sdiy wolj papeojumoq ‘¥ ‘9202 ‘95£669T2



I ¥edl

N\\I Journal of Geophysical Research: Solid Earth 10.1029/2025JB032183

ADVANCING EARTH
AND SPACE SCIENCES

A

70°wW 69°W B 72°W 71°W 70°wW 69°W c 72°W 71°W 70°wW 69°W

E » A 2 A
’ !
I~ \l \)
25°5 25°s [ X 25°5 [ 0 25°S
v Ay
1 1
1l é A é
_________ i Lt 1!
I 2 7
26°s 26°S e 26°S e 26°S
o 7N
SN i s
1] ( 1\
AY A}
J /
27°s 27°s { 27°s ! 27°s
28°s ' 28°S 28°s 28°S
5,
29°s 29°s 29°s 29°s
30°S 30°s 30°s 30°s
T
1.65 1.7 1.75 1.8 1.85 1.9 -12 -8 -4 ) 4 8 12 6.0 6.5 7.0 7.5 8.0 8.5
VolVs BVplV,p[%] V,lkm/s]

Figure 6. Features along the interplate contact. (a) Vp/ Vg ratios. (b) Relative V, variation with respect to the 1D velocity
model. (c) Vp values (km/s). Magenta, cyan, and blue contours indicate zones of high interplate coupling (>0.7) as estimated
by Gonzilez-Vidal et al. (2023). The slip distribution of the 2014 Slow Slip Event (Klein, Duputel, et al., 2018) is represented by
+7.5 cm green contour lines (starting from 20 cm). The north-to-south black dashed line marks the intersection between the
plate interface and the continental Moho (inferred from V ~ 7.2 km/s, which represents the upper limit of our selected plausible
continental Moho). Black dashed lines offshore represent the Taltal and Copiapd Ridges. Black triangles denote nearby active
volcanoes. Black solid lines indicate the political borders of Chile. Black bars represent past large earthquakes from 1. Interplate
iso-baths at 30, 60 and 80 km are marked with North-to-south dashed lines.

subsequently activating dehydration in the oceanic mantle lithosphere at greater depths, as previously proposed
by Riipke et al. (2004).

A prominent and persistent north-to-south band of intermediate-depth seismicity is observed deep inside the slab
at and around where the Copiapd Ridge is subducted (Profiles P10 to P13). Subducting oceanic features like
ridges or fracture zones can often be delineated as narrow zones of increased intraslab seismicity (e.g., Geersen
et al., 2022; Kirby et al., 1996), which is likely because they feature anomalously fractured oceanic crust and
upper mantle through which more fluids than elsewhere can enter to deeper intraslab depths at the outer rise.
Offshore Copiapd, Warwel, Lange, Dannowski, Contreras-Reyes, et al. (2025) observed bending-related faults
visible in the bathymetry and reduced mantle velocities near the trench, suggesting the presence of mantle hy-
dration. The lower plane of double seismic zone seismicity is commonly linked to the dehydration reaction of
serpentinite, which occurs around 600-650°C (e.g., Peacock, 2001), although some authors doubt whether the
hydration of the downgoing plate can penetrate to such depths (Korenaga, 2017). If we assume that lower plane
seismicity is linked to serpentinite dehydration, then the presence or absence of seismicity at deep intraslab depths
likely depends on whether hydration at the outer rise extends sufficiently deep in these locations. This could
explain our observation of increased levels of intermediate-depth earthquakes, most of them situated in the deeper
part of the slab, along the projected trace of the subducting Copiap6 Ridge (see also Figure 7). At those depths
within the mantle, fluids released by dehydration reactions would not necessarily migrate freely through the entire
thickness of the oceanic mantle. Instead, they may be redistributed along localized permeable pathways and could
partly be trapped within the overlying mantle, where serpentinization may still be active under temperatures
below ~600°C. It is surprising that the Taltal Ridge further north does not show a similar signature. We can only
speculate that this may be due to different faulting patterns or structural conditions, or that the Taltal Ridge could
be discontinuous in its already subducted part.

6.3. Properties and Fluid Processes Along the Plate Interface and the Downgoing Slab

The plate interface is characterized by a widespread presence of high Vp/Vy ratios (>1.78) across most of its
extent which complements the observations made by Grevemeyer et al. (2018) to greater depths (Figure 6a).
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Figure 7. Schematic summary of the main observations and interpretations for key profiles (left panels) of the study area (map
in the upper right corner). The left panels present interpretations from top to bottom: North (Profile P4), the Copiapd Ridge
(Profiles P12 and P13), and South (Profile P19), emphasizing prominent north-to-south variations. The map view on the right
presents the profiles locations (blue lines). Areas of elevated Vp/ V ratios (>1.82) are delineated by contours. Iso-depth
contours at 30, 60, and 80 km are indicated by dashed gray lines. The black dashed north-to-south line denotes the inferred
mantle wedge corner. Black dots in each cross-section correspond to hypocenters also shown in the map view. In cross-sections,
intense fluid release is represented by thin light-blue wavy arrows, while thick light-blue wavy arrows indicate zones of fluid
migration along the slab interface. Fluid accumulation zones are indicated by warm colors according to the accompanying color
scale. SSE areas are shown in green (thick lines in the profiles and contours in the map view). Light-green contours mark the
2023 shallow slow slip event described by Miinchmeyer, Molina-Ormazabal, Radiguet, et al. (2025). The Atacama Fault
System (AFS), Domeyko Fault System (DFS), and other minor fault outcrops compiled by Santibafiez et al. (2018) are marked
with black “x” symbols. Zones of enhanced mining activity are indicated by black “Y” symbols.

Localized patches with even higher values (>1.82) are commonly observed in the updip region along the crustal
contact between the two plates (shallower than 30 km depth). Notably, deeper zones with elevated Vp/ V ratios
are identified at around 60 km depth south of 28°S, and near 60 and 80 km depth around 26°S (labeled as X1, X2,
and X3 in Figure 6a). We interpret the high Vp/ V ratios in the updip region as indicative of the release of fluids
from the underlying oceanic crust. These fluids likely originate from the breakdown of clay minerals and hydrous
minerals in the crust that are expected to be pervasive down to Moho depths due to plate bending processes
occurring seawards of the trench. This is consistent with the well-established process of fluid release at shallow
depths in subduction zones, and with previous observations along the Northern Chilean margin (e.g., Husen
et al., 2000; Pastén-Araya et al., 2018). However, these elevated Vp/ Vg areas are not continuous along strike but
instead appear segmented. Such segmentation may reflect along-strike variations in several key elements,
including the composition of the oceanic crust and of the Copiapé and Taltal ridges and associated seamounts,
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variations in fabric orientation, associated rheology and degree of fracturing, and the pressure-temperature
regime. These along-strike variations can modify the thermal structure and the depth or efficiency of dehydra-
tion, with cooler segments delaying dehydration or shifting it downdip. Additionally, fluid ascent and migration
are unlikely to be uniform; fluids may preferentially migrate through mechanically weaker zones such as bending-
related faults, subduction-interface roughness associated with seamount subduction, or lithologic boundaries that
act as transient fluid traps. The physical properties of the upper-plate forearc crust, including its lithology and
degree of fracturing, may further influence whether fluids are able to drain upward into the overriding plate or
instead remain trapped along the plate interface. These factors can collectively produce the observed laterally
discontinuous high Vp/V patches.

The deeper zones of elevated Vp/ Vg ratios along the interplate contact at depths greater than 60 km may reflect the
accumulation of fluids derived from dehydration processes occurring inside the downgoing plate. This process
may be associated with the progressive or complete eclogitization of the oceanic crust, with these fluids sub-
sequently migrating upward and pooling along the slab top and above. Notably, some of these anomalies (e.g., X1
and X2 in Figure 6a) do not coincide clearly with subducted oceanic features. However, this apparent mismatch
may partly reflect uncertainties in the expected subsurface location of the Copiap6 and Taltal ridges, which have
been interpreted as continuous structures extending for more than 200 beyond the trench, as well as their change in
strike near the trench (Bello-Gonzalez et al., 2018). This spatial pattern suggests that the along-strike variability of
fluid accumulation is controlled not only by the geometry of the subducted ridges, but also by variations in the
permeability structure of both plates, which can modulate the efficiency of fluid transport from the lower crust and
sub-Moho mantle to the interface. As a result, fluids may become stored or focused in specific subsegments, even
away from discrete incoming-plate structures. The upward migration of these fluids may be driven by buoyancy
forces along mechanically favorable pathways such as zones of contrasting permeability (Barnes et al., 2010;
Wang et al., 2019). Consistent with this interpretation, fluid accumulation appears to occur along the interplate
contact downdip of ~60 km depth (Figure 7, Profiles P4, P12 and P13), below the continental Moho (Koulakov
et al., 2006; Yuan et al., 2000). A deeper zone of high Vp/ Vs ratios, centered at ~80 km depth and in places
connected to the 60 km depth anomaly, is observed around 26°S (Figure 7, upper right corner (map view)). While
fluid accumulation alone may explain these elevated V/ Vy values, the spatial extent and vertical distribution to
the shallow crust in at least some of our profiles, suggest that it likely reflects metamorphic fluid release during
eclogitization of the downgoing slab. These fluids may migrate upward along the slab surface and into the
overlying mantle wedge, where they could contribute to rheological weakening and, at shallower depths, facilitate
partial melting beneath the volcanic arc.

When comparing the resulting velocity models with the interseismic locking model proposed by Gonzalez-Vidal
et al. (2023) (Figure 6), we observe a spatial relationship that varies significantly depending on whether along-dip
or along-strike changes are considered.

For Vp/ Vg ratios (Figure 6a), no clear large-scale along-strike relationship is observed with the degree of
coupling. This could suggest that, at least within this segment, fluid presence and interplate locking are not simply
related, a finding similar to observations in South-Central Chile (Hicks et al., 2014). However, along-dip, an
apparent spatial relationship emerges. Around 25.8°S, 27.1°S, and 28.8°S, the downdip termination of highly
locked patches (>0.8) coincides with zones of elevated Vp/ Vg ratios (>1.84), similar to findings of Moreno
et al. (2014) further south. This could suggest a possible control of high V,/Vy ratios on the downdip limit of
locking at the Atacama segment. Alternatively, this relationship may operate in the opposite direction; the
downdip limit of the locked Atacama segment could in turn influence fluid distribution and accumulation, both
beneath the overriding crust and further downdip along the plate interface, potentially contributing to the observed
Vp/ Vg structure. Regarding Vp anomalies (Figure 6b), a clearer along-dip pattern is evident: areas of positive AVp
correlate with areas of stronger locking (>0.8), while negative AV, anomalies tend to mark the downdip tran-
sition to lower coupling values (<0.7). Similarly, when absolute V, values are considered (Figure 6¢), several
structures of intermediate-to-low Vp values (<6.8 km/s) also appear to modulate the downdip extent of high
coupling (>0.7), which is particularly pronounced in the southernmost high-locking patch, south of 28°S.

In contrast, the along-strike correlation between Vp/ Vg and coupling is less clear. A localized low Vp/ Vg anomaly
near 28°S coincides with a subsegment of relatively low coupling (<0.7) between two strongly coupled areas
(>0.7). However, elevated Vp/ Vg values extend farther south beyond 29-30°S despite the marked reduction in
locking. This behavior is consistent with observations by Kodaira et al. (2004), who showed that elevated pore-

HERNANDEZ-SOTO ET AL.

16 of 24

85Us017 SUOWWOD SAIERID 3(dedl|dde ayy Aq pausenob afe sapie YO 8sn Joss|n. 1oy Areiq13Ul|UO /8|1 UO (SUONIPUOD-PUR-SWBH WO A3 1M ATRIq U1 |UO//StHIY) SUORIPUOD PUe SWiB | 8U}88S *[9202/70/.2] U0 Aiqi8ulluO /8|1 ‘Z49 Wepsiod Wniuez-z)oyw pH Aq £8TZE08rs202/620T 0T/10p/L00 A8 im Areiq1jpuluo'sgndnbe;/sdiy wolj papeojumoq ‘¥ ‘9202 ‘95£669T2



NI Journal of Geophysical Research: Solid Earth 10.1029/2025JB032183

ADVANCING EARTH
AND SPACE SCIENCES

fluid pressures inferred from high Poisson's ratio (and thus high Vp/Vs) can expand zones of stable or condi-
tionally stable slip within otherwise strongly coupled segments, complicating any simple along-strike relationship
between Vp/ V and locking. Finally, this southern extension of high Vp/ V lies largely offshore, where resolution
is low, further limiting interpretations. The relative (respect to the minimum 1D model, see Figures S28 and S29
in Supporting Information S1) and absolute Vp values (Figures 6b and 6c¢, respectively) exhibit a more coherent
along-strike relationship with locking. As noted earlier, positive AV, anomalies tend to spatially correlate with
zones of high coupling, while zones of negative AVp anomalies are prevalent in areas of lower locking (<0.7). For
absolute Vp values, highly coupled zones (>0.7) are clearly separated by a region of low Vp (<6.8 km/s), with the
lowest Vp values (<6.4 km/s) located offshore of 27.8°S, coinciding with an along-strike segmentation of high-
locking contours (>0.7).

These observations suggest that zones of reduced plate locking, potentially due to fluid presence or compositional
heterogeneity, have a signature in our tomographic images (e.g., Mishra et al., 2003; Pastén-Araya et al., 2022).

The area hosting the 2023 shallow SSE coincides with high V/ Vg ratios (>1.82), which locally extend upward
from the plate interface into the overlying forearc crust (see Profiles P11, P12, P13 in Figures 4, 5, and 7, and the
map views shown in Figure 6). Although this area lies close to the limits of tomographic resolution, such elevated
ratios may suggest increased damage and fluid-rich conditions within the forearc crust than elsewhere. Farther
downdip, the deep recurrent Slow Slip Events (SSE) region (Klein et al., 2023; Klein, Duputel, et al., 2018;
Molina-Ormazabal et al., 2025) is characterized by sparse seismicity (Warwel, Lange, Dannowski, Contreras-
Reyes, et al., 2025), relatively low Vp in the overlying continental material (crust or mantle, depending on the
local Moho depth), and by high Vp/ V ratios (>1.78) along most of its downdip extent (Profiles P11 in Figure 4
and P13 in Figure 5, as well as Profile P12 in Figure 7 and Profile P10 in Figure S26 in Supporting Informa-
tion S1). These elevated ratios coincide with the area where gravity anomalies suggest the presence of a subducted
seamount near 27.55°S (Molina-Ormazabal et al., 2025), which also corresponds to the region where the 2020
SSE initiated. Farther north, where the aseismic slip propagated, the Vp/ Vg values are lower (Profile P11 in
Figure 4; Profile P13 in Figure 5; see also Figure 7, upper right). In contrast, Profile P13 reveals a localized break
in the otherwise continuous high-Vp/ Vg signature of the upper downgoing plate-expressed as a low-Vp/ Vg
anomaly (<1.74; label I3 in Figure 5, P13)-situated below the depth at which the SSEs are inferred to occur.
Additional synthetic tests incorporating this scenario confirm that the observed low-V,/ Vs disruption within the
surrounding high-Vp/ Vs slab is well resolved and not an artifact of limited resolution or smearing (Figures
S22-S24 in Supporting Information S1).

At first glance, a low-Vp/ Vg anomaly co-located with where SSEs occur appears counter-intuitive, as these
processes are commonly linked to fluid processes (Kato et al., 2010; Shelly et al., 2006). A plausible hypothesis is
that the low Vp/ Vg we observe corresponds to a localized, intraslab region where the oceanic crust is already
dehydrated, producing a comparatively dry volume at ~60 km depth within the slab. Because this feature is
confined to the slab interior, it does not contradict the fluid-rich conditions inferred along the megathrust in the
southern sector of the SSE. In this region, mechanical damage and permeability contrasts induced by bending-
related faults and the subducted Copiapé seamount (Molina-Ormazabal et al., 2025), together with upper-plate
damage, may facilitate the drainage of fluids (Warwel, Lange, Dannowski, Contreras-Reyes, et al., 2025).
These processes could also promote heterogeneous fluid redistribution and may generate an anomalous high-
density zone consistent with the observed positive residual gravity anomaly (Molina-Ormazabal et al., 2025).
At even greater depths, the upwelling of fluids likely have a mantle source, and hence would not be affected (see
Figure 7, Profiles P12 and P13).

Alternatively, the low Vp/ Vy ratio observed in Profile P13 could represent a doming structure associated with the
subduction of seamounts, as previously described in the area by Pastén-Araya et al. (2022). Such a structure could
be affecting fluid pathways, for example, by preventing along-slab fluid ascent into the low-Vp/ Vs region.
Recurrent SSEs may also promote upward (sub-vertically and along-dip) fluid migration, progressively depleting
fluid content in their source region (see Figure 7, Profiles P12 and P13). This depletion could be part of an “inter-
SSE” period, during which fluid recharge and pore pressure build-up are hypothesized to occur (Nakajima &
Uchida, 2018). In addition, the relatively deep position of the plausible Moho in the central segment may indicate
either a locally thicker crust or mantle wedge domain with Vp < 7.2 km/s. In the first case, elevated temperatures
(T > 350°C) may promote aseismic slip along the interface, whereas in the second case fluids and temperatures
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below ~600°C could favor serpentinization of the mantle wedge, which has been proposed to facilitate SSE
behavior.

While these scenarios provide plausible explanations for the observed low-Vp/Vy anomaly present along the
updip limit of the SSE, they do not fully explain the occurrence of SSEs in a region that appears to lack abundant
fluids. An alternative hypothesis can be drawn from the mechanism proposed for shallow SSEs at the Hikurangi
margin, where weak, clay-rich volcaniclastic materials have been proposed to promote slow slip even under
limited fluid availability (Barnes et al., 2020; Gase et al., 2023; Shreedharan et al., 2022, 2023). Although no
comparable volcaniclastic material has been documented in our study area, subducting seamounts can contain
altered volcanic material rich in hydrous minerals, including clays, which may influence megathrust mechanical
behavior (Molina-Ormazabal et al., 2025). If similar altered materials are present within the subducted seamounts
of the Copiap6 Ridge, they could offer an additional source of mechanical weakening along the interface. This
suggest that other, yet unidentified factors may also facilitate slow slip in this environment.

6.4. Fluid Migration Into the Upper Plate

From the analysis of Vp and Vp/Vy ratios, we observe significant north-to-south variations in the continental
crust. In the northern part of the study area (~24.4°S—~26.6°S), particularly along profiles P1-P9 and within
~150-200 km landward from the trench, the crust is predominantly characterized by moderate-to-low Vp/Vy
ratios (<1.75), and high Vp/ V; ratios are largely absent above the plate interface contact. This suggests that fluids
do not significantly migrate into the overlying continental crust, possibly due to insufficient permeability in its
basal structure, or because the high locking degree may be sealing the plate interface, thereby preventing fluid
circulation along the interface and their upward propagation into the upper plate (Figure 7, Profile P4). Our
continental Moho estimate shows that crustal thickness ranges between 30 and 50 km, consistent with published
studies (Koulakov et al., 2006; Sodoudi et al., 2011; Tassara & Echaurren, 2012; Yuan et al., 2000). This
thickness, together with the predominance of low to moderate Vp/ Vg ratios (<1.75) in the northern part of the
study area, suggests a generally dense, cold, and stable felsic lithology for the upper-plate crust. Toward the south,
however, the distribution of low V/ V ratios (<1.74) becomes markedly more heterogeneous, confined to small,
discontinuous units separated by oblique and vertically oriented zones characterized by moderate-to-high Vp/ Vg
values (>1.76, see Figure 7, Profile P19). This pattern may reflect a more fragmented and compositionally more
mafic upper-plate crust. Such a configuration is compatible with a thinner crust, rarely exceeding 30—40 km, as
also observed by Gao et al. (2025), which is consistent with previous studies on crustal composition and evolution
of the central Andes (e.g., R. W. Kay & Mahlburg-Kay, 1991; S. M. Kay & Mpodozis, 2001; S. M. Kay
et al., 1999).

In the shallow crust, the north-to-south traces of the Atacama Fault System (AFS) and the Domeyko Fault System
(DFS) (Santibafiez et al., 2018) marked as “x” in Figures 4, 5, and 7 appear to roughly correlate with localized
“Vp/ Vg discontinuities” in the continental crust. Here, we refer to a “Vp/ Vg discontinuity” as a lateral break or
disruption in the otherwise continuous low-Vp/ Vg (<1.74) crustal domain, manifested as narrow zones with
intermediate-to-elevated Vp/ Vy ratios (>1.76).

When taking these anomalies as proxies for the AFS and DFS, their observed shapes suggest contrasting crustal
geometries for both fault systems. The AFS-related anomalies show limited crustal penetration, dip eastward, and
extend to depths of only ~20 km, consistent with previous studies (Amilibia et al., 2008; Gonzélez et al., 2024;
Pastén-Araya et al., 2018). In contrast, the DFS is interpreted as a broader rheological boundary, which dips
westward, and extends to greater depths, in agreement with the tectonic evolutionary model of Amilibia
et al. (2008) and recent geophysical observations (Bloch et al., 2014; Contreras-Reyes et al., 2021; Leon-Rios
et al., 2024). Given that there is no current seismic activity along much of these fault zones recorded by our
local experiment, these relationships should be considered with caution, and further high-resolution and active
geophysical investigations are required to better constrain the connection between these ancient crustal structures
and the observed Vp/ Vg discontinuities within the shallower continental crust.

In a few localities along the traces of these fault systems, prominent clusters of seismicity spatially correlate with
mining operations. The observed vertical distribution of seismicity is explained by the sequence of explosions
used in mining, which generates reduced and unclear S-wave arrivals, resulting in poor constraints for hypo-
central depths. These mining locations, denoted by black “Y” symbols in Figures 4, 5, and 7, correspond to
recognized major mining sites. These zones also show a clear correlation with anomalous Vp/ Vg ratios in the
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uppermost crust, with Vp/Vg values ranging from 1.70 to 1.90. This suggests a link between the shallow
anomalous Vp/ V zones and different ore types being mined. Specifically, low Vp/ Vg ratios are associated with
open-pit iron ore operations (e.g., Mina Los Colorados, Mina El Pleito) and large porphyry copper (Cu-Mo)
deposits (e.g., Mina Candelaria), consistent with the findings of Comte et al. (2023). In contrast, higher Vp/Vy
values are linked to smaller-scale mining sites targeting mineralized oxide copper zones (e.g., Mina Dofia Elba)
and areas with extraction of carbonate-rich minerals (e.g., Mina Jilguero). These spatial correlations indicate that
studies of regional seismic wavespeed anomalies could help to improve the recognition of large-scale ore
structures.

7. Conclusions

This study presents a high-resolution seismic tomography model for the Atacama subduction zone, derived from
over 8,800 earthquakes detected during approximately 18 months of observations from a dense temporary seismic
network in North-Central Chile. The results reveal several features of the continental crust and downgoing
oceanic slab, providing new insights into fluid migration and crustal heterogeneity in this tectonically active
region, complementing previous seismic studies that were more limited in terms of network geometry, spatial
coverage, and resolution over the past decades. Overall, our results are broadly consistent with previous regional
and local tomography studies (Gao et al., 2025; Klein et al., 2021; Leon-Rios et al., 2024; Pastén-Araya
et al., 2022), which similarly image a coherent high-Vp oceanic slab and elevated Vp/ Vg ratios along the plate
interface. Differences between models likely reflect differences in network geometry, resolution, and starting
velocity models. In particular, the dense local network used here allows the resolution of smaller-scale structures
compared to most previous studies.

A novel slab surface model, inferred from relocated seismicity, reveals significant differences from previous
models, such as SLAB2, offering an improved understanding of the interplate contact obtained through our local
observations. The downgoing Nazca Plate shows a characteristic Vp structure with low crustal velocities
(Vp £7.8) at the top, indicative of hydrated oceanic crust, transitioning into high-V, (Vp > 8.0) material deeper in
the slab. Elevated Vp/ Vg ratios (>1.82) observed in the uppermost layer of the oceanic slab suggest fluid release
during subduction, with clear associations to intermediate-depth seismicity. These findings are consistent with a
link between dehydration processes and intraslab seismicity at different depths, suggesting that fluid migration
may play a key role in deep seismic activity.

Around the subduction of the Copiapd Ridge, we found that oceanic features may promote fluid transport,
enhancing localized fluid content and facilitating fluid migration along permeable pathways. This process may
contribute to conditions favorable for slow slip events (SSEs), both at shallow depth and below the mantle wedge,
reinforcing the link between fluid content and seismic behavior. In particular, our findings of a low Vp/Vy
anomaly (<1.74) in the updip portion of the SSE, followed by higher V/ V ratios (> 1.80) in the downdip region,
suggest substantial variations in fluid content. These variations may be linked to fluid migration during an inter-
slip period or to doming structures acting as barriers to fluid ascent.

While both Vp/ Vg and Vp provide insight into the relationship between seismic structure and interplate locking,
along-dip variations show stronger and more consistent spatial correlations. These include the apparent control of
elevated Vp/ Vg ratios (=1.82), negative AV, anomalies (with respect to the 1D V, model), and low Vp values
(6.8 km/s) on the downdip extent of highly locked zones (>0.7). Along-strike relationships are weaker,
particularly for Vp/ Vg, and may be reduced by resolution limitations offshore.

Our study also reveals significant variations in the thickness and structure of the continental crust. A 30-50 km
thick crust in the north (~24.4°S—~26.6°S) lacks significant fluid penetration from the plate interface. In the
south (~28.6°S—~29.8°S), the crust is thinner and more fragmented, with zones of weaker structures rising from
the mantle wedge, some of which reach the shallow crust, where broad outcrops related to the DFS have been
recognized. Additionally, shallow V,/Vy anomalies in the upper crust correlate with known mining areas
spatially.

This study demonstrates the utility of combining machine learning earthquake phase picking with high-resolution
tomography to improve our understanding of fluid pathways, crustal structures, and the delineation of ore-rich
areas, as well as their role in seismic processes along subduction zones.
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